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The  initial  question  addressed  in  1989  was  that  of  synaptic  vesicle  movement  as 
determined  by  direct  microscopic  visualization.  This  research  demonstrated  that 
vesicles  were  actually  mobilized  from  the  point  of  injection  in  the  axon  to  the 
active  zones,  l.e.  the  place  where  synaptic  transmitter  is  released.  It  was  also 
found  that  a  change  in  either  oxygenation  or  the  surface  properties  of  vesicles 
can  lead  to  no  movement  or,  to  change  in  movement  direction.  The  second  aspect  of 
synapse  Vrh  performed  that  year  was  a  demonstration  of  the  category  of  calcium 
channel  that  is  responsible  for  transmitter  release.  The  work  in  1990  demonstrated 
that  minMture  potentials  could  be  modulated  in  the  squid  synapse  by  injection  of 
Synapsinfl  and  of  protein  kinase  II.  In  the  third  year  of  the  grant,  1991,  the 
first  demonstration  of  calcium  - icrodomains  in  synaptic  transmission  was  performed. 
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The  research  supported  by  the  Air  Force  during  the  summers  of 
1989, 1990  and  1991  generated  significant  studies  in  four  different 
aspects  of  synaptic  transmission. 

1.  Characterization  and  isolation  of  voltage-dependent  calcium 
channels  responsible  for  transmitter  release  in  the  squid  giant 
synapse  as  well  as  in  the  neuromuscular  junction  in  mammals. 

2.  The  dynamics,  directionality  and  specificity  of  synaptic 
vesicle  migration  in  relation  to  transmitter  release. 

3.  The  effect  of  Synapsin  I,  an  intracellular  chemical  modulator 
of  synaptic  vesicular  mobility,  and  its  effect  in  the  regulation  of 
the  vesicular  release  and  synaptic  facilitation  in  tonic  synapses. 

4.  Finally,  the  presence  of  well-specified  calcium  concentration 
microdomains  in  relation  to  transmitter  release,  was 
demonstrated  for  the  first  time  in  1991,  using  aequorin. 


The  initial  question  addressed  in  1989  was  that  of  synaptic  vesicle 
movement  as  determined  by  direct  microscopic  visualization.  This 
study  marked  the  first  time  in  which  isolated  mammalian  vesicles 
were  injected  into  a  working  synapse.  This  research  demonstrated 
that  vesicles  (made  fluorescent  by  Texas  Red)  were  actually 
mobilized  from  the  point  of  injection  in  the  axon  to  the  active 
zones,  i.e.  the  place  where  synaptic  transmitter  is  released.  It  was 
also  found  that  a  change  in  either  oxygenation  or  the  surface 
properties  of  vesicles  can  lead  to  no  movement  or,  to  change  in 
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PNAS.  A  second  aspect  of  vesicular  mobility  relating  to  the  paper 
mentioned  above  was  published  in  the  Journal  of  Neuroscience  in 
1989,  showing  that  Synapsin  I  modulates  vesicular  flow  in  the 
squid  axoplasm. 

The  second  aspect  of  synapse  work  performed  that  year  was  a 
demonstration  of  the  category  of  calcium  channel  that  is 
responsible  for  transmitter  release.  In  fact  the  channel  now 
known  as  a  P-channel  was  isolated  in  the  squid,  as  well  as  in 
mammalian  cerebellum.  These  results  were  first  published  in 
1989  in  the  Biophysical  Journal,  Volume  55,  page  438a,  and  in 
PNAS,  Volume  86,  pages  1689-1693. 

The  work  in  1990  related  mostly  to  the  study  of  Synapsin  I  in 
transmitter  release.  The  studies  demonstrated  that  miniature 
potentials  could  be  modulated  in  the  squid  synapse  by  injection  of 
Synapsin  I  and  of  protein  kinase  II  and  was  published  in  PNAS, 
Volume  87,  page  8257-8261.  Another  aspect  of  synaptic  research 
investigated  during  the  same  summer  related  to  the  effect  of 
Synapsin  I  on  the  neuromuscular  junction  in  crayfish.  This 
research  was  published  in  the  Biological  Bulletin,  Volume  179, 
page  229. 

In  the  third  year  of  the  grant,  1991,  the  first  demonstration  of 
calcium  microdomains  in  synaptic  transmission  was  performed. 
The  study  was  done  using  a  new  type  of  aequorin  that  allowed 
direct  visualization  of  calcium  concentration  sites  at  the 
presynaptic  terminal.  A  paper  was  published  in  Science  in  1992, 


in  Volume  256,  page  677.  Another  study  published  in  PNAS  the 
same  year,  Volume  89,  page  330,  reported  the  fact  that  the  P-type 
channels  present  in  the  squid  are  responsible  for  neuromuscular 
transmission  in  mammals. 
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The  moUuscan  neuropeptide  FLRFamide  potentiates  transmission  at  the 
isolated  squid  giant  synapse 

By  G.  a.  Cottrell*,  J.  W.  LiNt.  R-  LLiNAsf  and  M.  SuoiMORit.  *  Department  of 
Biology  and  Preclinical  Medicine,  University  of  St  Andrews.  KYld  GTS.  ^Department 
of  Physiology  and  Biophysics.  New  Y'ork  University  Medical  Center,  N.Y.  10016.  and 
Marine  Biological  Laboratory,  Woods  Hole,  MA  02543,  USA 

Peptides  of  the  Phe-Met-Arg-Phe-NH2-(FMRFamide-)  series  have  many  actions 
on  neurone  perikarya  (Cottrell  &  Davies,  1987).  The  action  of  one  such  peptide  in 
synaptic  transmission  at  the  giant  synapse  of  the  squid  (Loligo  pealei)  was 
determined  using  Phe-Leu-Arg-Phe-NHj  (FLRFamide),  which  occurs  in  cephalopoda 
(Martin  &  Voigt,  1987).  Pre-  and  postsynaptic  recordings  were  made  (see  Llinas  et  al. 
1981)  and  peptide  solutions  microinjected  close  to  the  synaptic  junction. 


Fig.  I.  (.4)  Pre-  and  postsynaptic  recordings  showing  increase  in  poststmaptic  response  in 
the  absence  of  presynaptic  effect  after  injecting  FLRFamide  from  a  micropipette 
containing  1  m.M  FLRFamide  in  ASW  (4  mM  Ca).  (B)  EPSCs  before  and  75  s  after 
injection.  The  response  recovered  after  6  min.  (C)  FLRFamide  increased  the  rate  of  rise 
of  the  EPSP  (□)  without  changing  pre-spike  width  (#)  or  amplitude  (O)- 

FLRFamide  (n  =  9)  potentiated  transmission,  whereas  control  injections  were 
without  effect  (n  =  3).  Potentiation  was  detected  as  an  increase  in  size  of  the  EPSC 
(Fig.  IB)  and  also  as  an  increase  in  rate  of  rise  (Fig.  I  A,  C)  and  amplitude  of  EPSP. 
No  change  in  presynaptic  membrane  potential,  spike  amplitude  or  duration  (Fig.  I  A. 
C)  was  detected.  FMRFamide  injected  into  the  blood  supply  to  the  ganglion  has  also 
been  observed  to  potentiate  transmission  (S.  Hess,  personal  communication). 

G.A.C.  thanks  the  William  Ramsav  Henderson  Trust  for  financial  support.  Supported  by 
AF0SR850368. 
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Preliminary  molecular  structure  of  FTX  and  synthesis  of 
analogs  that  block  Ica  in  the  squid  giant  synapse.  B. 
Cherksey,  R.  Llinas,  M.  Sugimori,  and  J.-W.  Lin 
(Dept.  Physiology  and  Biophysics,  NYU  Medical  Cen¬ 
ter,  New  York,  NY  10016). 

FTX,  a  specific  P  channel  blocker,  is  one  of  many  channel  blocking 
factors  contained  in  the  venom  of  the  American  funnel  web  spider.  We 
have  previously  reponed  (Cherksey  et  al.  1988,  Biol.  Bull.  175:  304; 
Llinas  et  al.  1989,  PNASB6:  1686)  on  the  use  of  FTX  to  construct  an 
affinity  gel  for  the  isolation  and  characterization  of  P-type  Ca*''  chan¬ 
nels  from  squid  optic  lobe  and  mammalian  CNS. 

Purification  and  structural  analysis  of  FTX  have  been  performed. 
FTX  could  not  be  adequately  purified  by  reverse  phase  HPLC  using 
acetonitrile:water  gradients.  FPLC  on  Superose  indicated  that  FTX  was 
of  low  molecular  weight  (200-400  Da),  but  did  not  effect  an  adequate 
purification.  Anion  exchange  methods  were  ineffective.  However,  cat¬ 
ion  exchange  on  Mono  S  permitted  a  high  level  of  purification  of  FTX, 
with  elution  of  the  active  faaor  at  approximately  0.8  Af  NaO.  Purified 
FTX  exhibited  a  sharp  UV  absorption  at  220  nm.  No  ring  (aromatic) 
structure  was  detected.  The  absorption  at  220  nm  showed  a  pro¬ 
nounced  shift  with  acidification  suggesting  that  FTX  possesses  a  titrat- 
able  amine  group.  FT-IR  (Fourier  transform  infrared  specuoscopy)  in¬ 
dicated  the  presence  of  C-C,  C-N.  N-H,  C-H,  and  the  absence  of  C=0, 
absorptions.  These  results  ruled  out  the  possibility  that  FTX  is  a  small 
peptide  and  suggest  that  it  is  a  polyamine.  The  known  polyamine  gluta¬ 
mate  channel  blockers  (which  contain  ring  structures)  are  ineffective  as 
presynaptic  blockers. 

On  the  basis  of  these  results,  model  compounds  were  constructed 
with  the  general  structure  of  arginine-polyamine: 

O 

H  H 

HjN' 

These  compounds  exhibited  the  selectivity  of  FTX,  but  not  its  potency. 
Compounds  of  the  structure  arginine-polyamine-arginine  were  in¬ 
effective  as  blocken.  Thus,  the  free  terminal  amine  is  critical  for  effi¬ 
cacy,  perhaps  being  the  moiety  that  actually  enters  the  pore  of  the  chan¬ 
nel.  The  arginyl  group,  perhaps  via  its  strong  charge,  may  act  to  secure 
the  toxin  in  the  channel.  Therefore,  the  difference  in  potency  between 
FTX  and  the  model  compounds  may  be  due  to  the  negative  charge  on 
the  carbonyl  of  the  latter,  which,  on  the  basis  of  FT-IR  spectra,  is  absent 
from  FTX. 
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Dose-response  for  FTX  blockade  of  presynaptic  fca)  in 
the  squid  giant  synapse.  R.  Lunas,  M.  Sugimori, 
J-W.  Lin,  and  B.  Cherksey  (Dept.  Physiology  and 
Biophysics,  NYU  Medical  Center,  New  York,  NY 
10016). 

The  dose-response  relationship  for  the  blocking  action  of  FTX  (a 
toxin  fraction  from  Agalenopsis  aperta  venom,  Sugimori  et  at.  1988 
Biol.  Bull.  175:  308;  Cherksey  et  al.  1988,  Biol.  Bull.  175:  304,  Llinas 
el  al.  1 989,  PNAS,  86: 1689)  on  the  voltage-dependent  presynaptic  cal¬ 
cium  current  (Ic.)  in  the  squid  stellate  ganglion,  was  determined  from 
voltage  clamp  measurements.  In  addition  to  the  purified  toxin,  we 
tested  the  raw  venom,  and  a  synthetic  poly-amine  with  an  arginine  at 
one  end.  constructed  on  the  basis  of  chemical  analysis  of  the  FTX  frac¬ 
tion  (Cherksey  et  al.  1989,  these  Abstracts).  These  substances  were 
added  to  the  bathing  solution  in  concentrations  tanging  from  0.2  to 
190  nl/ml  (volume  of  venom  or  liquid  synthetic  toxin  in  nl/ml  seawa¬ 
ter).  Each  of  the  three  fractions  had  an  ED50  of  S  nl/ml  and  produced  a 
total  blockade  at  80-100  nl/ml.  The  block  caused  by  100  nl/ml  had  a 
time  course  of  about  20  min  and  was  very  slowly  reversible.  Comparing 
the  degree  of  calcium  current  block  with  the  reduction  of  the  post-syn¬ 
aptic  potential,  we  concluded  that  the  effect  of  the  toxin  on  synaptic 
release  is  totally  ascribable  to  its  calcium  blocking  effect.  We  reached  a 
similar  conclusion  about  the  synthetic  polyamine.  But  because  the 
same  volume  of  raw  venom  and  the  synthetic  polyamine  produced 
about  the  same  degree  of  block,  we  conclude  that  the  active  toxin  may 
be  more  potent,  and  that  the  structure  of  the  naturally  occurring  poly¬ 
amine  is  therefore  probably  a  variant  of  the  synthetic  product.  Finally, 
we  tested  some  polyamines  with  an  arginine  at  each  terminal  of  the 
chain,  but  Ic.  was  not  blocked.  Thus,  the  polyamine  may  require  the 
terminal  amine  to  penetrate  the  channel  and  produce  the  block;  the 
arginine  group  may  hold  the  molecule  in  place. 
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Effects  of  synapsin  /  on  synaptic  facilitation  at  crayfish 
neuromuscular  junction.  K-  R.  Delaney,  Y.  Yamagata, 
D.  W.  Tank,  P.  Greengard,  and  R.  Lunas  (Marine 
Biological  Laboratory,  Woods  Hole,  MA  02543). 

The  effects  of  presynapiically  injected  phospho-  and  dephospho-syn- 
apsin  I  on  transmitter  release  were  studied  in  excitatory  claw  opener 

junctions  in  crayfish.  We  examined  release  evoked  by  presynaptic  action 
potentials  delivered  at  0.5  Hz.  which  does  not  produce  facilitation,  and 
at  higher  frequencies  (5-50  Hz)  where  facilitation  is  prominent.  Consistent 
with  previous  work  on  squid  giant  synapse  (Llinas  el  at..  1985,  PNAS 
82:  3035)  and  Mauthner  cell  synapses  (Hacket  ei  at..  1990.  J.  Neuro- 
physiol.  63:  701),  reduction  of  excitatory  junction  potentials  (EJPs)  ob¬ 
tained  with  0.5  Hz  stimulation  was  seen  5-30  min  after  injection.  This 
reduction  was  coincident  with  the  appearance  of  Texas  red  labeled  syn¬ 
apsin  1  in  the  preterminals  contacting  the  postsynaptic  muscle  fiber  (8 
of  9  expts.).  The  EJP  amplitude  continued  to  decline  linearly  over  the 
course  of  60-120  min  to  near  zero.  In  addition,  the  rate  of  facilitation 
of  the  EJP  during  short  stimulus  trains  at  5.  20,  and  50  Hz  was  reduced 
following  this  injection.  Moreover,  high  rates  of  release,  which  are  nor¬ 
mally  produced  and  maintained  dunng  several  minutes  of  stimulation 
at  frequencies  around  30  Hz,  were  not  maintained  following  dephospho- 
synapsin  I  injection.  These  effects  were  not  seen  following  the  injection 
of  phosphorylated  synapsin  1  (n  =  1).  We  conclude  that  synapsin  1  can 
modulate  facilitated  and  unfacilitated  transmitter  release  at  this  tonic 
junction. 
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Microdomains  of  High  Caicium  Concentration 
in  a  Presynaptic  Terminal 

R.  Uin^s,*  M.  Sugimori,  and  R.  B.  Silver 
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Microdomains  of  High  Calcium  Concentration 
in  a  Presynaptic  Terminal 

R.  Llinas,*  M.  Sugimori,  R.  B.  Silver 

increases  in  intracellular  calcium  concentration  are  required  for  the  release  of  neurotrans- 
mitterfrom  presynaptic  terminals  in  all  neurons.  However,  the  mechanism  by  which  calcium 
exerts  its  effect  is  not  known.  A  low-sensitivity  calcium-dependent  photoprotein  (rvae- 
quorin-J)  was  injected  into  the  presynaptic  terminal  of  the  giant  squid  synapse  to  selectively 
detect  high  calcium  concentration  microdomains.  During  transmitter  release,  light  emission 
occurred  at  specific  points  or  quantum  emission  domains  that  remained  in  the  same  place 
during  protracted  stimulation.  Intracellular  calcium  concentration  microdomains  on  the 
order  of  200  to  300  micromolar  occur  against  the  cytoplasmic  surface  of  the  plasmalemma 
during  transmitter  secretion,  supporting  the  view  that  the  synaptic  vesicular  fusion  re¬ 
sponsible  for  transmitter  release  is  triggered  by  the  activation  of  a  low-affinity  calcium- 
binding  site  at  the  active  zone. 


The  role  of  intracellular  free  calcium  as  a 
trigger  for  initiating  presynaptic  transmitter 
release  in  chemical  synapses  was  proposed 
as  the  “calcium  hypothesis"  several  decades 
ago  (/).  The  mechanism  for  this  Ca*'^- 
dependent  transmitter  release  remains  un¬ 
resolved,  partly  because  the  concentration 
of  Ca'^  *  and  the  distribution  of  Ca‘  con¬ 
centration  within  presynaptic  terminals 
during  transmission  are  unknown. 

Presynaptic  voltage-clamp  studies  in  the 
giant  squid  synapse  demonstrated  a  very 
short  (200  (is)  latency  between  Ca-*  entry 
and  postsynaptic  response,  suggesting  that 
Ca'^'*'  channels  are  located  at  the  site  of 
vesicle  accumulation  and  neurotransmitter 

R  Limas  and  M  Suqimcr:,  Denanment  of  Phvsiolooy 
and  Biopnysics.  New  York  University  Medical  Center 
550  First  Avenue.  New  York,  NY  10016  and  me 
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R  B  Silver,  Section  and  Department  of  Physiology, 
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release  (2).  Vlnreover,  direct  measurement 
of  presynaptic  Ca-  *  currents  suggested  that 
intracellular  free  Ca’’^  concentrations 
(ICa'^*l,)  near  the  Ca'*  channels  could  be 
on  the  order  of  several  hundred  micromolar 
(3).  Computer  models  based  on  these  data 
suggested  that  the  (Ca'*i,  falls  off  steeply 
away  from  the  cytoplasmic  mouth  of  the 
Ca’*  channels  (4-7).  These  small  domes  of 
increased  |Ca'  *  I,  are  called  microdomains. 
Each  Ca'*  channel  opening  is  thought  to 
produce  a  rapid  (microseconds)  increase  in 
|Ca'*||,  which  rapidly  returns  to  its  pre¬ 
opening  value  when  the  channel  closes  (6). 
Neurotransmitter  release  would  thus  be 
triggered  by  a  large  transient  increase  in 
|Ca'*|,  adjacent  to  the  svnaptic  vesicles. 

We  have  now  tested  directlv  the  exis¬ 
tence  of  such  iCa'  *  I,  microdomains  by 
using  aequorin  (a  protein  that  emits  light  in 
the  presence  ot  free  Ca'  * )  (iS.  9)  injected  in 
the  presynaptic  terminal  oi  the  giant  squid 
synapse  (10).  In  the  presence  of  aequorin, 
transient  increases  in  |Ca'*\  appear  as 


flashes  ot  light  localized  in  time  and  space. 

We  designed  special  methodology  to 
identify,  image,  and  characterize  these 
flashes  of  light.  Fluorescent  n-aequonn-J 
(minimum  Ca'*  sensitivity  of  10*'  M)  was 
injected  into  the  presynaptic  terminal  (Fig. 
lA)  (II),  and  Its  distribution  in  the  termi¬ 
nal  was  continually  monitored  by  epifluo- 
rescence  microscopy  (12).  Once  the  termi¬ 
nal  was  tully  loaded  with  n-aequorin-J  (Fig. 
1 B) ,  the  presynaptic  fiber  was  continuously 
stimulated  at  10  Hz  (13),  and  a  well- 
defined,  stable  set  of  quantum  emission 
domains  (QEDs)  appeared  as  white  spots 
(Fig.  1C)  (14).  The  superposition  of  the 
fluorescent  images  of  the  terminal  digit 
(Fig.  IB)  and  the  QEDs  (Fig.  1C)  revealed 
that  the  distribution  of  QEDs  coincided 
with  the  presynaptic  terminal  (Fig.  ID). 
QEDs  were  particularly  evident  at  the  cen¬ 
ter  of  the  digit,  where  most  synaptic  con¬ 
tacts  tKcur. 

We  also  determined  the  distnbution  and 
number  of  QEDs  in  an  unstimulated  presvn- 
aptic  terminal  at  high  magnification  (Fig. 
IF).  When  QEDs  were  integrated  for  30  s 
during  tetanic  stimulation  (Fig.  IG),  they 
were  found  to  be  organized  in  regions  re 
sembling  semicircles  or  line  segments  and 
were  approximately  equally  spaced  over  the 
presynaptic  digit  (Fig.  1,  C  and  G). 

Each  QED  fell  within  a  contiguous  rec¬ 
tilinear  juxtaposition  of  approximately  16 
pixels  (0.25  p.m  by  0.25  p-m  per  pixel).  The 
size  distribution  of  the  QEDs  was  deter¬ 
mined  after  measuring  more  than  15,000 
such  events  for  both  long-term  image  inte¬ 
grations  (I,5(X}  to  5,000  video  frames); 
serially  repeated  shoner  integrations  |6(X)  to 
1,200  national  television  standard  code 
(NTSC)  video  frames!;  arid  sets  of  single 
video  frames.  QEDs  fluctuated  in  size  from 
0.25  to  0.6  nm'  (Fig.  2),  with  a  mean  of 
0.313  p.m'  (range,  —0.25  pm*  to  —0.375 
pm^).  QED  patterns  such  as  those  shown  in 
Figs.  1  and  2  (areas  0.375  to  0.625  pm') 
represent  individual  QEDs  occurring  at 
nearly  identical  frame  locations,  with  a 
small  overlap.  On  average,  these  sites  oc¬ 
cupied  8.4%  of  the  presynaptic-postsynap- 
tic  membrane  contact  area,  which  is  close 
to  the  5  to  10%  determined  by  ultrasttuc- 
tural  studies  (15).  The  number  of  QEDs  in 
a  70  pm  by  40  pm  contact  area  (15)  was 
about  4500  (based  on  actual  counting  of 
QEDs  in  the  contact  area),  quite  close  to 
the  4400  calculated  for  the  number  of 
active  zones  (range  3580  to  54{X3)  from 
measurements  and  analysis  of  transmission 
electron  micrographs  (16). 

The  |Ca'*|,  reached  during  presynaptic 
activation  (200  to  300  pM)  was  determined 
by  sampling  the  number  of  QEDs  over 
consecutive  10-,  15-,  or  30-s  periods.  Manv 
loci  repeated  penods  of  photon  emission 
within  consecutive  sampling  penods,  as 
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Fig.  1.  'A»  G.dgram  ot  the  giant  squid  synapse 
sho\Mr,.,  .lie  spatial  organization  ot  the  oresyn- 
apiic  and  the  postsynaptic  elements  The 
square  {arrow)  denotes  the  location  ot  the  syn¬ 
aptic  lunction  shown  m  (Bj  (B)  Fluorescence 
image  ot  a  presvnaptic  digit  miected  with  a 
ftuorescent  preparation  ot  n-aequonn-J  (C) 
Video  image  ot  photons  emitted  from  QEDs 
Image  represents  the  accumulated  light  emis¬ 
sion  trom  n-aequorin-j  elicited  by  Ca'^*  entry 
during  tetanic  stimulation  (10  s  10  Hzl  iD) 
Superposition  ot  the  images  m  |B)  and  (C)  (E) 
The  numper  ot  light  emissions  generated  by 
e-aequorin  and  .o-aequonn-J  (□)  (600  to 
650  over  a  period  ot  3  s)  corresponds  to  a 
ICa*  '!,  neat  lO  ■*  M  about  two  orders  ot  mag¬ 
nitude  less  sensitive  man  the  e-aequorin  re¬ 
sponse  (stippled  bar)  (8  9)  IF)  QEDs  in  an 
unstimulated  len’iimai  (30  s  tO  mM  extracellu¬ 
lar  Ca'^*)  IG)  QEDs  m  me  same  terminal  as  in 
(F)  during  tetanic  stimulation  (10  s.  10  Hz) 


QEO  ttn  (Mitn^) 


Fig.  2.  Distribution  ot  QED  size  (n  =  2500) 


shown  in  Fij;.  3,  A  and  B,  for  two  consec¬ 
utive  I5-S  penixls.  indicatini;  that  Ca‘* 
entry  tended  to  be  organized  temporally  and 
spatially.  QEDs  detected  during  the  first 
15-s  pentxl  (Fig.  5A,  red)  and  those  detect¬ 
ed  during  the  second  15-s  penixl  (Fig.  3 A, 
blue)  are  shown  as  vellow  spots  in  Fig.  3B. 
When  the  second  peruxl  is  compared  to  the 
first  peruxl.  there  is  an  area  correspondence 
of  —95%;  when  the  order  for  companson 
was  reversed,  the  correspondence  was  87%. 
Subsequent  sequential  1 5-s  pentxls,  having 
correspondences  K-tween  93  and  98.81%, 
indicate  that  within  such  time  most  of  the 
sites  of  (.'a‘  ■■  entry  to  the  terminal  are 
activated. 

Prolonged  integrations  (12(X)  to  5(XX3 
video  frames)  were  performed  during  stim¬ 
ulation  to  determine  the  percentage  of  the 
total  presvnaptic  terminal  .irea  containing 
QEDs.  Figure  4  corresponds  to  the  terminal 
bulb  ot  ,1  presvnaptic  fiber  before  tFig.  4A) 
and  during  (Fig.  4B)  -fimulation  (as  in  Fig. 
lA).  The  average  ciearlv  descriK-s  are.is  ot 
high  prt'babilirv  ot  light  emission  and  the 
pronounced  differences  between  the  pre- 
stimulation  and  stimulatory  ccmditions.  Be- 
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Ftg.  3.  (A)  The  center  portion  of  rwo  QED  images  obtaineo  Curing  consecutive  15-s  reccramg 
intervals  trom  me  same  area  of  terminal,  the  left  panel  (reo)  snows  the  first  interval  after  stimulation 
the  right  panel  (blue)  shows  the  subsequent  1 5-s  penoef  (blue)  (B)  The  superposition  ( >  93%)  ot  the 
QEDs  trom  consecutive  t5-s  recoroing  intervals  in  (A)  (red  ana  blue)  appears  yeilow 


Fig.  4.  Three-aimensionai  proiection  after  image  integration  (48(X)  frames.  30-Hz  sampling  rate)  of 
the  QED  image  in  a  terminal  bulb  of  a  presynaptic  fiber  (A)  before  stimulation  ana  (B)  auring 
stimulation  illustrating  the  steepness  of  the  Ca^*  microdomain  profiles  Image  intensities  were 
segmented  into  an  8  bit  range  with  the  maximum  intensity  corresponding  to  the  video  intensity  level 
of  255  rwhitei  and  the  lowest  to  a  level  of  0  fblack).  with  intermediate  levels  ranging  from  high  ireai 
through  intermediate  lyeilow  and  green)  to  low  (blue)  probabilities  that  a  particular  microdomam 
would  be  active 


c.lu^c  Ilf  the  long  intcgradun  times  used, 
tu'ed  r.ither  ih.in  Jivcrete  QED'  were  ob- 
-ersed  m  boih  e.i'C'.  The  di'tribution  of 
iC.'.i  ■  I,  w.is  nut  r.uidom  ,md  otten  formed 
nnglike  'trucrure'.  line',  or  ci'mbinations 
of  these.  These  patterns  probably  corre¬ 


spond  to  the  "fingerprints'  ot  ckiwlike 
postsvn.ipttc  dendrites  that  contact  the  pre- 
synaptic  digit  in  the  active  zone  (/”). 

Detailed  analysis  ot  the  temporal  ind 
spatial  distribution  ot  QEDs  suggests  that 
once  ,1  micnxlomain  is  activated,  the  tem- 
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poral  repeat  Irequencies  at  which  a  partic¬ 
ular  microdomam  is  activated  differ  from 
those  of  the  same  microdomam  before  stim¬ 
ulation.  Upon  activation,  three  classes  of 
temporal  repeat  trequencies,  not  seen  under 
prestimulation  conditions,  appeared,  the 
primary  temporal  class  having  a  mean  delay 
period  between  the  initial  activation  and 
subsequent  activation  ot  1.37  s,  which  mav 
indicate  temporal  requirements  or  con¬ 
straints  upon  reestablishing  microdomam 
activation.  Under  stimulation,  the  lifetime 
of  a  QED  averaged  2C0  ins,  clearly  a  high 
value  that  is  likelv  attributable  to  the  pho¬ 
ton  efficiency  and  lag  characteristics  of  the 
camera  and  light-intensity  losses  through 
the  optical  system.  Under  most  conditions, 
QEDs  that  occurred  as  singlets  or  doublets 
did  not  occur  at  high  frequency  at  any 
particular  microdomam.  Analysis  of  the 
activation  dynamics  ot  individual  micro- 
domains  suggested  a  quasi-sequential  acti¬ 
vation,  that  IS,  a  low  probability  of  imme¬ 
diate  reactivation.  One  possible  mechanism 
tor  this  refractory  period  may  be  related  to 
the  high  |Ca'  1,  at  the  active  zone  or  to  the 
low  number  ot  readilv  releasible  vesicles.  In 
fact,  high  |Ca"*l,  depresses  Ca‘*  channel 
activity  by  blocking  the  channel  and  in¬ 
creasing  Its  inactivation  (18).  Also,  it  is 
well  diKumented  that  an  average  of  one 
vesicle  IS  normally  released  per  active  zone 
(15,  19,  20).  In  tact,  in  squid,  the  quantum 
content  is  5000,  close  to  the  value  of  4500 
measured  here;  thus,  there  must  be  an 
average  ot  one  vesicle  per  active  zone.  The 
presence  ot  such  “lateral  inhibition,"  by 
activation  of  a  certain  number  of  channels 
in  an  active  zone  patch  (average  measured 
area,  0.313  p,m‘),  would  temporarily  de¬ 
press  local  channel  activity.  If  this  were  so, 
a  special  kinetics  w:  ild  operate,  in  which 
the  probability  of  release  is  related  to  the 
previous  activity  in  any  given  active  zone 
(21).  This  prospect  adds  an  interesting  new 
vanable  to  incorporate  into  models  of  trans¬ 
mitter  release. 

The  distribution  of  Ca‘  *■  microdomains 
suggests  that  these  si.es  are  active  zones 


where  increased  ICa*''),  triggers  neurotrans¬ 
mitter  release  bv  binding  to  a  low-atiinitv 
Ca-‘ -binding  sue  at  the  presynaptic  vesi¬ 
cles  and  activating  the  release  process. 
Such  a  mechanism  would  safeguard  the 
synapse  from  large  amounts  of  spontaneous 
transmitter  release  because  probably  more 
than  one  Ca""^  channel  must  be  activated 
per  active  zone  to  trigger  exocvtosis  (6). 
.Also,  there  would  be  enough  time  to  re¬ 
place  the  expended  vesicles  (6).  The  short 
delay  between  Ca''  entry  and  transmitter 
release  suggests  that  isniv  vesicles  near  the 
QEDs  would  be  released  bv  a  given  action 
potential  (2).  The  tact  that  |Ca-*!,  attains 
such  high  concentrations  at  release  sites 
must  be  taken  into  account  in  the  study  ot 
the  mechanisms  ot  membrane  fusion. 
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ABSTRACT  We  have  studied  the  effect  of  the  purified 
toxin  from  the  funnel- web  spider  venom  (FTX)  and  its  synthetic 
analog  (sFTX)  on  transmitter  release  and  presynaptic  currents 
at  the  mouse  neuromuscular  junction.  FTX  spcciflcally  blocks 
the  a*-conotoxin-  and  dihydropyridine-insensitive  P-type  volt¬ 
age-dependent  Ca^*  channel  (VDCC)  in  cerebellar  Fiirkinje 
cells.  Mammalian  neuromuscular  transmission,  which  is  in¬ 
sensitive  to  N-  or  L-type  Ca^*  channel  blockers,  was  effectively 
abolished  by  FTX  and  sFTX.  These  substances  blocked  the 
muscle  contraction  and  the  neurotransmitter  release  evoked  by 
nerve  stimulation.  Moreover,  presynaptic  Ca^*  currents  re¬ 
corded  extracellulariy  from  the  interior  of  the  perineural 
sheaths  of  nerves  innervating  the  mouse  levator  auris  muscle 
were  specifically  blocked  by  both  natural  toxin  and  synthetic 
analogue.  In  a  parallel  set  of  experiments,  K*-induced  Ca*^ 
uptake  by  brain  synaptosomes  was  also  shown  to  be  blocked  or 
greatly  diminished  by  FTX  and  sFTX.  These  results  indicate 
that  the  predominant  VDCC  in  the  motor  nerve  terminals,  and 
possibly  in  a  significant  percentage  of  brain  synapses,  is  the 
P-type  channel. 


Ca’*  influx  through  voltage-dependent  Ca**  channels  (VD- 
CCs)  is  the  trigger  for  the  release  of  neurotransmitters  from 
the  nerve  terminals  (1. 2).  Three  major  types  of  VDCC  named 
T.  L.  and  N  were  described  in  neuronal  cells  (3).  The 
high-threshold  L  and  N  VDCCs  are  sensitive  to  the  blocking 
effect  of  oi-conotoxin  (<i>-CgTX).  and  only  the  L  type  is 
affected  by  Ca*^  channel  antagonists  of  the  1.4-dihydropyr- 
idine  (DHP)  class.  An  intermediate-threshold  VDCC  channel 
called  the  P  channel  was  identified  in  the  Purkinje  cells  of 
mammalian  cerebellum  and  found  to  be  insensitive  to  DHP 
and  (i>-CgTX.  but  very  sensitive  to  a  low  molecular  weight 
fraction  of  the  venom  of  the  funnel-web  spider  Agelenopsis 
aperta  (4).  This  funnel-web  spider  toxin  (FTX1  was  also 
effective  in  blocking  Ca^*^  conductance  and  synaptic  trans¬ 
mission  at  the  squid  giant  synapse  (4).  Evoked  release  of 
neurotransmitter  was  shown  to  be  dependent  on  Ca*'  influx 
through  the  N-type  VDCC  in  sympathetic  neurons  by  the 
inhibitory  effect  of  tu-CgTX  and  the  lack  of  effect  of  DHP  (5). 
By  contrast,  substance  P  release  from  dorsal  root  ganglia 
neurons  (6.  7)  and  catecholamine  release  from  chromaffin 
cells  (8)  are  strongly  inhibited  by  DHP.  consistent  with  a 
major  participation  of  L-type  channels.  However,  mamma¬ 
lian  motor  nerve  terminals  are  normally  insensitive  to  either 
oj-CgTX  or  DHP  (9-11).  Furthermore,  in  brain  synapto¬ 
somes.  K '-evoked  Ca*'  uptake  and  transmitter  release  are 
only  partially  sensitive  to  tu-CgTX  and  DHP  (12. 13).  Thus  the 
identity  of  the  VDCC  involved  in  transmitter  release  in  the 
majority  of  the  synapses  at  the  mammalian  central  and 
peripheral  nervous  system  has  not  been  defined.  The  exper¬ 
iments  presented  here  were  designed  to  study  the  effect  of 
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FTX  on  transmitter  release  and  Ca-'  influx  at  the  mammalian 
neuromuscular  junction  and  on  Ca^*^  uptake  by  cerebral 
cortex  synaptosomes  in  order  to  determine  whether  a  par- 
tkcular  type  of  VDCC  is  more  commonly  involved  in  mam¬ 
malian  synaptic  transmission. 

MATERIAL  AND  METHODS 

Electrophysiological  Techniques.  Experiments  were  per¬ 
formed  with  the  nerve-muscle  preparation  from  male  Swiss 
mice  (25-30  g).  Muscles  were  removed  after  cervical  dislo¬ 
cation  and  pinned  out  in  a  Sylgard-coated  chamber  containing 
1-2  ml  of  physiological  solution  (normal  Ringer  solution:  135 
mM  NaCI/5  mM  KCl/2  mM  CaCL/l  mM  MgSO^/H  mM 
NaHCOy/l  mM  NaH2PO«/ll-mM  D-glucose.  pH  7.4)  kept  at 
room  temperature.  The  solution  was  oxygenated  by  contin¬ 
uous  bubbling  with  a  mixture  of  5%  COj  and  95%  Oj. 
Miniature  endplate  potentials  and  evoked  endplate  potentials 
were  recorded  intracellularly.  Glass  microelectrodes  of  5-15 
Mfi  resistance  filled  with  2  M  KCl  were  used.  The  electrodes 
were  inserted  into  the  muscle  fibers  near  the  endplate  re¬ 
gions.  which  were  located  visually  at  the  ends  of  intramus¬ 
cular  branches  of  the  phrenic  nerve  (Fig.  lA).  The  mean 
quantal  content  (m)  of  transmitter  release  was  measured  in 
muscles  incubated  in  low  Ca^*  (1.2  mM)/high  Mg^’’  (6  mM) 
by  use  of  the  failure-method  equation  m  =  log  eWN/  vvhere 
N  is  the  total  number  of  nerve  stimuli  and  Nf  is  the  total 
number  of  endplate-potential  failures  (14).  The  phrenic  nerve 
was  stimulated  at  0.5  Hz.  Miniature  endplate  amplitudes 
were  corrected  assuming  a  -80  mV  membrane  potential  and 
their  frequency  of  appearance  counted  over  0.5-3  min.  The 
levator  auris  muscle  (15)  was  used  to  study  the  presynaptic 
motor  nerve  terminals  currents.  The  presynaptic  currents 
were  recorded  with  glass  microelectrodes  of  5-15  Mft  resis¬ 
tance  filled  with  2  M  NaCI  and  placed  inside  the  perineural 
sheath  of  small  nerve  branches  near  the  endplate  areas  (Fig. 
lA)  (16.  17).  The  nerves  were  stimulated  by  using  suction 
electrodes  coupled  to  a  pulse  generator  with  associated 
stimulus  isolation  unit  (0.1  ms).  The  recording  microelec- 
trodes  were  connected  to  an  Axoclamp  lA  amplifier  (Axon 
Instruments.  Burlingame.  CA).  The  signals  were  digitized 
(Scientific  Solutions.  Labmaster  A/D  converter),  stored,  and 
analyzed  by  a  computer. 

Preparation  of  Synaptosomes  and  Measurement  of  Ca^* 
Uptake.  Cerebral  cortex  from  three  rats  was  homogenized  in 
0.32  M  sucrose  with  a  manual  Teflon/glass  homogenizer.  The 
homogenate  was  centrifuged  at  3000  x  g  for  10  min  at  4°C. 
and  the  supernatant  was  further  centrifuged  at  20.000  x  g  for 
20  min.  The  pellet  was  resuspended  in  0.32  M  sucrose  and 
seeded  in  a  0.8-1. 4  M  sucrose  gradient.  After  2  hr  of 


Abbreviaiions:  VDCC.  voltage-dependent  Ca-'  channel;  FTX.  fun¬ 
nel-web  spider  toxin.  sFTX.  synthetic  FTX;  DHP.  1.4-dihydropyr- 
idine;  cu-CgTX.  uM:onotoxin. 
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Fic.  1.  (/4)  Schematic  drawing  of  a  nerve-muscle  preparation 
indicating  the  position  of  the  intracellular  (a)  and  extracellular  (bi 
recording  microelectrodes.  (B)  Upper  trace,  intracellularly  recorded 
muscle  fiber  action  potential  elicited  by  phrenic  nerve  stimulation: 
lower  trace,  a  similar  recording  10  min  after  the  bath  application  of 
FTX  (1  /al/ml)  in  normal  Ringer  solution.  (C)  Perineural  recordings 
of  presynaptic  currents  in  a  paralyzed  muscle  (normal  solution  plus 
30  mM  curare)  before  (trace  a)  and  after  (trace  b)  bath  application  of 
FTX  (1  fiX/mU. 

centrifugation  at  50.000  x  g,  the  bands  in  0.8-1.  1-1.2.  and 
1.2-1. 4  M  layers  were  pooled  and  slowly  diluted  1:4  in 
Ca-‘-free  132  mM  NaCI.  After  centrifugation  at  35.000  x  g 
for  15  min.  the  pellet  was  resuspended  in  solution  A  (132  mM 
choline  chloride/1.2  mM  CaCU)  or  solution  B  (65  mM  choline 
chloride/1.2  mM  CaCli).  Samples  from  A  and  B  suspension 
(500  mI.  500  /ig  of  protein)  were  incubated  for  10  min  at  32'’C 
with  or  without  toxin.  ‘‘’Ca’^  uptake  was  started  by  the 
addition  of  ^'Ca’*  (0.3  /zCi/fimol:  1  /iCi  =  37  kBq)  ig  200  mI 
of  Na'  Ringer  solution,  for  basal  uptake,  or  Na*/K*  Ringer 
solution  for  K*-stimulated  uptake  (final  K*  concentration.  65 
mM).  Uptake  was  stopped  after  15  or  30  s  with  the  addition 
of  3  ml  of  5  mM  EGTA  buffer  solution.  This  suspension  was 
rapidly  filtered  under  vacuum  through  Whatmann  GF/B  filter 
paper  and  washed  three  times  with  132  mM  choline  chio- 
ride/5  mM  KCl.  1.2  mM  CaCI:/1.3  mM  MgCU/lO  mM 
glucose/5  mM  Tris.  pH  7.4.  Filters  were  dried  and  immersed 
in  scintillation  fluid  for  measurement  of  radioactivity.  FTX 
was  purified  chromatographically  from  the  crude  venom  of 
Amencan  funnel-web  spiders  (Spider  Pharm.  Black  Canyon. 
\Z).  Synthetic  FTX  (sFTX)  was  prepared  as  described  (18). 

RESULTS 

Hemidiaphragms  incubated  in  normal  Ringer  solution  were 
treated  with  FTX  (1  /xl/ml).  After  a  few  minutes,  muscle 
contraction  elicited  by  nerve  stimulation  was  abolished. 
Intracellular  recording  showed  that  nerve  stimulation  failed 


to  trigger  transmitter  release  in  a  high  percentage  of  trails. 
When  transmitter  release  was  evoked,  small  endplate  poten¬ 
tials  were  recorded  with  fluctuating  amplitude  multiples  of 
the  miniature  endplate  potential  amplitude  (Fig.  1^).  Neu¬ 
romuscular  transmission  and  contraction  was  restored  a  few 
minutes  after  the  preparation  was  washed  with  normal  solu¬ 
tion. 

The  effect  of  FTX  on  the  conducted  nerve  action  potential 
was  tested  by  studying  the  presynaptic  currents  recorded  in 
the  perineurum  near  the  endplate  areas  in  a  curare-treated 
preparation.  The  negative  signal  recorded  is  associated  with 
Na '  currents  in  the  final  nodes  of  Ranvier  and  initial  portions 
of  the  unmyelinated  terminals  and  with  the  currents  from 
the  nerve  endings  (16).  The  lack  of  effect  of  FTX  on  these 
currents  indicates  that  the  toxin  has  no  effect  on  the  presyn¬ 
aptic  action  potential  (Fig.  1C). 

The  inhibitory  action  of  FTX  on  synaptic  transmission  was 
further  characterized  by  studying  the  effect  of  various  con¬ 
centrations  of  FTX  on  quantal  content  of  evoked  transmitter 
release.  The  muscles  were  incubated  in  a  low  Ca‘"'/high 
Mg**^  solution.  The  control  values  for  mean  quantal  content 
of  evoked  release  were  between  1.1  and  2.8.  A  50%  inhibition 
of  the  quantal  content  of  evoked  release  was  obtained  with  a 
submicromolar  concentration  of  FTX  (Fig.  2).  In  contrast, 
evoked  neuromuscular  transmission  was  completely  insen¬ 
sitive  to  5  /xM  (i>-CgTX  tested  under  similar  conditions  (10). 

FTX  has  been  reported  to  be  a  low  molecular  weight, 
nonaromatic  polyamine.  Synthetic  arginine-polyamine  (sper¬ 
midine)  adducts  were  found  to  have  FTX-like  activity  (sFTX) 
(18).  Quantal  content  of  transmitter  release  was  inhibited  in 
a  dose-dependent  manner  with  low  millimolar  concentrations 
of  sFTX  (Fig.  2).  As  a  control  the  effect  of  spermidine  was 
studied.  At  concentrations  up  to  3  mM.  spermidine  had  no 
effect  on  neuromuscular  transmission. 

Spontaneous  transmitter  release  was  also  affected  t  /  FTX 
and  by  sFTX.  A  50-100%  increase  in  miniature  frequency 
was  observed  in  muscles  treated  with  0.5  fil  of  purified  toxin 
per  ml  or  with  1  mM  sFTX.  The  amplitude  of  the  miniature 
endplate  potentials  was  substantially  reduced  (over  40%) 
without  major  alterations  in  their  time  course. 

To  further  investigate  the  inhibitory  mechanism  of  FTX  'n 
synaptic  transmission,  the  effect  of  the  toxin  on  the  presyr- 
aptic  Ca*^  currents  was  studied.  Presynaptic  currents  were 
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F)g.  2.  Effect  of  FTX  (■).  sFTX  (c)  and  spermidine  («)  on  the 
quantal  content  of  evoked  release  at  the  neuromuscular  junction  of 
the  mouse  diaphragm  incubated  with  1.2  mM  Ca-*  and  6  mM  Mg^'' . 
Each  point  is  the  mean  ±  SE  of  at  least  six  muscle  fibers.  The  )il/ml 
scale  applies  to  FTX:  the  mM  scale  applies  to  sFTX  and  spermidine. 
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Fig.  3.  Effect  of  ,  FTX,  and  sFTX  on  the  presynaptic  currents.  Perineural  recordings  of  presynaptic  currents  were  obtained  in  levator 
auris  muscle  incubated  in  normal  Ringer  solution  plus  30  /iM  curare.  10  mM  tetraethylammonium.  250  /.iM  3.4-diaminopyridine,  and  100 
procaine.  iA)  Before  (trace  a)  and  30.  60.  and  90  s  after  (traces  b-dl  the  addition  of  500  /iM  Cd^'^  to  the  bath  solution.  IB)  Before  (trace  a)  and 
after  (trace  b)  the  addition  of  FTX  (0.5  Ml/ml).  (C)  Before  (trace  ai  and  after  (trace  b)  the  addition  of  sFTX  (300  ^M).  For  trace  c,  the  Ca-' 
concentration  was  raised  to  6  mM  in  the  presence  of  sFTX. 


recorded  in  curare-treated  muscles  incubated  with  K'- 
channei  blockers  (tetraethylammonium,  10  mM:  3.4- 
diaminopyridine.  250  /iM).  The  nerve  was  stimulated  every 
30  s  and  monitored  continuously  from  the  same  site  before 
and  throughout  the  application  of  the  toxin.  Typical  wave¬ 
forms  recorded  from  the  perineural  sheath  have  a  large 
negative  (downward)  component  and  a  long-lasting  positive 
component.  The  latter  has  been  shown  to  be  Ca^* -dependent 
(17)  and  sensitive  to  the  inorganic  Ca^*-channel  blocker  Cd** 
(Fig.  3-4)  but  insensitive  to  o>-CgTX  (19). 

The  addition  of  FTX  (0.5  Ml/ml)  to  the  bath  rapidly 
diminished  the  Ca**  wave  (Fig.  3B).  With  a  higher  concen¬ 
tration  of  FTX  (1  Ml/ml),  only  a  brief  positive  wave  remained 
that  was  still  present  after  the  addition  of  15  mM  Cd*'. 
suggesting  that  it  is  not  a  Ca^*  component.  Submillimolar 
concentrations  of  sFTX  were  also  effective  in  blocking  the 
slow,  long-lasting  Ca^^  component  of  the  presynaptic  cur¬ 
rents  (Fig.  3C).  The  blocking  effect  of  the  toxin  was  over¬ 
come  by  increasing  the  Ca*^  concentration  in  the  bath 
solution  in  a  manner  similar  to  that  reported  for  other  divalent 
cations  (20). 

K'^-StUnulated  Uptake  by  Synaptosomcs.  The  ex¬ 

periments  presented  above  and  our  previous  findings  on  the 
blocking  action  of  FTX  on  squid  giant  synaptic  transmission 
(4)  prompted  us  to  evaluate  the  effect  of  the  toxin  on  central 
nervous  system  synapses.  Synaptosomes  have  been  widely 
used  for  the  study  of  VDCCs.  In  nerve  terminals.  Ca^*  influx 
into  synapotosomes  can  be  estimated  by  measuring  the 
uptake  when  synaptosomes  are  depolarized  by  K*. 

FTX  and  sFTX  were  effective  inhibitors  of  the  K  ^-induced 
*’Ca*^  uptake  in  cerebral  cortex  synaptosomes  (Fig.  4).  FTX 
(0.7  /ll/mi)  reduced  uptake  to  the  same  level  as  that 
in  the  nondepolarized  synaptosomes.  However.  100  fiM 
Cd^*  was  more  effective:  it  also  blocked  part  of  the  non-K*- 
dependent  uptake.  Submillimolar  concentrations  of  sFTX 
were  able  to  block  the  Ca**  uptake  in  a  dose-dependent 
manner.  In  contrast,  spermidine  or  arginine  alone  or  com¬ 
bined  showed  no  significant  blocking  effect. 

DISCUSSION 

Electrophysiological  studies  have  shown  that  VDCCs  are 
heterogeneous  (21).  In  peripheral  neurons,  the  T-.  L-.  and 
N-type  channels  can  be  distinguished  by  their  sensitivities  to 
organic  Ca’* -channel  antagonists  and  to  oi-CgTX.  The 
L-type  is  sensitive  to  modulation  by  DHPs.  whereas  N-  and 
T-types  are  not  sensitive.  a»-CgTX  blocks  N-and  L-channels. 


but  not  T-type  channels  in  chicken  sensory  neurons  and  rat 
sympathetic  neurons  (3-5).  In  cerebellar  ^rkinje  cells,  the 
P-type  VDCC  was  characterized  by  its  lack  of  sensitivity  to 
a>-(2gTX  and  to  DHP,  and  by  its  high  sensitivity  to  FTX  (4). 

The  nature  of  the  VDCC  subtype  directly  involved  in 
transmitter  release  in  mammalian  central  and  peripheral 
nervous  system  is  not  well  defined.  Evoked  release  of 
transmitter  by  nerve  stimulation  at  the  mammalian  neuro¬ 
muscular  junction  is  not  affected  by  DHP  antagonists  unless 
Ca^^  channels  have  been  previously  activated  by  a  DHP 
agonist  (11).  cv-CgTX  is  also  ineffective  against  the  nerve- 
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Fig.  4.  Effect  of  FTX  and  sFTX  on  K*-evoked  uptake  in 
rat  cerebral  conex  synaptosomes.  iA)  Uptake  of ‘^Ca*'^  in  synap¬ 
tosomes  incubated  in  high  K*  (65  mM)  in  the  absence  or  presence  of 
FTX  (1  ii\.  mil  or  Cd^’^  (100  >iM).  Control  is  the  uptake  in  normal  K* 
(5  mM).  ifl)  Uptake  of  K*  stimulated  *’Ca*’’  in  the  presence  of 
vanous  concentrations  of  sFTx  or  ImM  spermidine  (Sperm.),  argi¬ 
nine  ( Argin.).  or  spermidine  and  arginine.  For  each  experiment  the 
control  value  (10()%)  was  obtained  by  subtracting  the  uptake  in 
normal  K'  to  the  uptake  in  high  K*.  Each  bar  represents  the  mean 
i  SE. 
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stimulated  evoked  release:  however,  it  is  capable  of  reducing 
the  frequency  of  spontaneous  release  of  transmitter  (10). 
.Motor  nerve  terminal  presynaptic  Ca’*^  currents  measured 
with  the  intraperineural  technique  were  found  to  be  insensi¬ 
tive  to  DHP  agonist  (17)  and  also  to  ci>-CgtTX  (19).  In 
contrast,  the  expenments  presented  in  this  paper  showed  the 
high  potency  of  FTX  in  blocking  synaptic  transmission  and 
presynaptic  Ca-'  currents  at  the  mouse  neuromuscular  junc¬ 
tion.  Therefore,  from  a  pharmacological  point  of  view  the 
VDCCs  involved  in  nerve-evoked  transmitter  release  at  the 
mammalian  nerve  terminals  resemble  the  P-type  channels 
described  in  Purkinje  cells.  Unfortunately,  neither  the  elec- 
trophysiological  characteristics  of  the  motor  nerve  terminal 
channels  at  the  single-channel  level  nor  the  macroscopic 
voltage-clamped  currents  are  known.  Therefore,  it  is  not 
possible  to  compare  their  electrophysiological  properties 
with  the  Ca’*^  currents  obtained  from  Purkinje  ceils. 

In  mammalian  synaptosomes  Ca’’^  influx  and  depolariza¬ 
tion-induced  increases  in  intracellular  Ca-*  have  been  found 
insensitive  to  DHP  Ca*  ’^-channei  antagonists,  suggesting  that 
L-type  channels  are  not  involved  in  transmitter  release. 
t^^CgTX  is  a  potent  inhibitor  of  Ca^*  influx  in  avian  and 
reptilian  synaptosomes  but  is  only  partially  effective  on 
mammalian  preparations,  indicating  that  other  types  of 
VDCC  must  be  involved  in  neurotransmitter  release  in  the 
mammalian  brain.  The  P-type  channels  seem  to  be  widely 
distributed  in  the  central  nervous  system,  since  they  have 
been  immunohistologically  localized  in  numerous  regions  of 
mammalian  brain  (22).  FTX-sensitive  VDCCs  were  originally 
found  in  Purkinje  cells,  and  a  recent  report  (23)  indicates  that 
FTX-sensitive  Ca**  channels  are  also  present  in  rat  neuro¬ 
hypophysial  nerve  terminals. 

Our  findings,  although  preliminary,  show  that  cerebral 
cortex  synaptosomal  Ca-’"  influx  is  sensitive  to  FTX.  sug¬ 
gesting  that  P-type  channels  may  also  be  involved  in  trans¬ 
mitter  release  in  central  nervous  system  synapses.  The  potent 
effect  of  FTX  in  inhibiting  Ca**  uptake  suggests  that  the 
population  of  synaptosomes  sensitive  to  w-CgTX  may  also  be 
sensitive  to  FTX.  Therefore,  it  might  be  possible  that  there 
are  other  types  of  VDCC  with  combined  pharmacological 
properties.  sFTX  was  as  effective  in  blocking  neuromuscular 
transmission  as  it  was  in  blocking  synaptosomal  Ca**  uptake, 
although  the  blocking  concentration  range  was  3  orders  of 
magnitude  above  that  of  the  natural  FTX.  It  has  been 
suggested  on  the  basis  of  organic  structural  studies  including 
mass  spectrometry,  NMR.  Fourier-transform  infrared  spec¬ 
troscopy.  and  elemental  analysis  that  naturally  occurring 
FTX  is  a  nonaromatic,  decarboxylated  polyamine  (18).  The 
difference  in  potency  between  FTX  and  the  synthetic  analog 
sFTX  may  be  due  to  the  presence  of  the  carbonyl  oxygen  on 
sFTX.  The  biological  specificities  of  both  natural  FTX  and 
sFTX  are  identical  in  these  studies,  suggesting  a  remarkable 


simiianty  between  the  two.  Our  findings  reaffirm  the  idea  that 
polyamines,  panicularly  amino  acid-polyamine  adducts,  may 
play  an  important  role  in  neuronal  channel  pharmacology. 
Thus,  it  is  important  to  consider  the  possibility  that  nonar¬ 
omatic  polyamines  resembling  sFTX  may  normally  be  syn¬ 
thesized  in  the  body  and  may  exert  a  mc^ulatory  action  on 
VDCCs  and.  hence,  on  transmitter  release. 
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Imaging  Preterminal  Calcium  Concentration  Microdomains  in  the  Squid  Giant  Synapse 

R.  Llinds\  M.  Sugimori^  and  R.  B.  Silver'  C  Department  of  Physiology  and  Biophysics, 
New  York  University  Medical  Center,  New  York,  New  York;  and  ^Section  and  Department 
of  Physiology,  Cornell  University,  Ithaca,  New  York  14853-6401) 


Intracellular  calcium  is  the  main  trigger  for  transmitter  release 
at  most  chemical  synapses  ( I ).  The  mechanisms  by  which  cal¬ 
cium  activates  such  release  is  presently  unknown.  The  initial 
working  hypothesis  about  the  relationship  between  intracellular 
calcium  concentration  ([Ca^*]i)  and  transmitter  release  was  based 
on  results  from  the  neuromuscular  junction  (2),  and  was  pro¬ 
posed  as  a  single-compartment  release  model.  According  to  this 
model,  vesicles  are  exocytosed  following  a  fourth-order  relation 
with  respea  to  [Ca’*],.  This  model,  while  useful,  and  clearly  the 
best  that  could  be  made  at  the  time,  did  not  consider  the  many 
variables  that  regulate  such  parameters  as  (Ca^*'],  or  vesicular 
availability.  Moreover,  calcium  was  thought  to  flow  uniformly 
across  the  preterminal  membrane,  and  the  model  of  transmitter 
released  did  not  adequately  consider  the  ultrastructure  of  the 
presynaptic  terminal.  Present  information  regarding  such  pa¬ 
rameters  demand  a  more  complete  multi-compartment  model. 

Indeed,  the  possibility  that  calcium  channels  are  localized  at 
a  discrete  site  in  the  preterminal  was  suggested  in  the  late-70's 
(3).  The  suggestion  came  as  a  result  of  voltage-clamp  experi¬ 
ments,  which  revealed  the  latency  between  the  tail  current  cal¬ 
cium  entry  and  transmitter  release  to  be  as  short  as  200  ms  (3. 4). 
This  morphological  prerequisite  of  synaptic  vesicles  being  directly 
apposed  to  the  calcium  channels  was  recently  confirmed  his¬ 
tologically  (5).  From  voltage  clamp  data,  the  maximum  (Ca’*], 
against  the  membrane  was  calculated  to  be  about  lO'^V/  (4). 
These  results  shifted  the  focus  from  cytosolic  residual  calcium 
to  the  problem  of  what  is  now  known  as  calcium  microdomains 
(6-9).  The  term  “calcium  microdomains”  refers  to  a  very  precise 
distribution  of  sites  for  (Ca^*]j  change.  These  microdomains  were 
expected  to  occur  against  the  inside  of  the  presynaptic  terminal 
at  the  active  zone.  In  fact  each  active  calcium  channel  is  thought 
to  produce  a  rapid  {i.e..  a  few  Ms)  increase  in  lasting 

for  the  duration  of  the  average  open  time  of  the  channel  (8). 
This  influx  is  thought  to  generate  a  (Ca’*}i  profile  as  high  as 
200-300  Mmoles  in  the  proximity  of  the  calcium  channels.  This 
being  the  case,  transmitter  release  would  be  triggered  by  extraor¬ 
dinarily  high  transient  calcium-concentration  change  in  the  im¬ 
mediate  vicinity  of  the  presynaptic  release  site  where  the  vesicles 
are  lodged  (4.  8). 

To  test  this  hypothesis,  a  special  type  of  signalling  methodology 
was  introduced.  A  hybrid  synthetic  n-aequorin/J  (10),  having  a 
sensitivity  to  (Ca’‘^]j  in  the  order  of  10"*,  was  developed  for  this 
purpose  by  Dr.  Shimomura.  This  aequorin  was  injected  presyn- 
aptically  at  a  concentration  of  5%.  in  conjunction  wnh  “dis¬ 
charged”  normal  sensitivity  aequorin  made  fluorescent  to  permit 
its  intracellular  localization.  The  distribution  of  the  injected 
protein  following  impalement  of  the  presynaptic  terminal  of  the 
giant  synapse  of  the  squid  Loligo  pealii  was  visualized  with  a 
fluorescence  microscope  using  a  40X  water-immersion  lens.  Ae- 
quorin  luminescence  was  then  detected  with  a  VIM  camera  op¬ 
erated  in  the  photon  counting  mode:  the  images  stored  on  vid¬ 


eotape  and  characterized  by  digital  image  processing  and  analysis 
methods. 

Results  were  obtained  from  eight  different  synapses  bathed 
in  artificial  seawater  (10  mM  Ca^*);  one  synapse  was  injeaed 
with  normal  aequorin,  and  the  other  seven  injected  with  the  n- 
aequorin/J.  Upon  tetanic  stimulation,  small  points  of  light  were 
detected  over  the  preterminal  region  in  the  area  of  the  “active 
zone”  (Fig.  1). 

These  points  had  an  average  diameter  of  approximately  O.S 
)im  and  were  distributed  over  roughly  5-10%  of  the  total  area 
of  the  presynaptic  membrane  (with  an  average  of  8.39  p-  per 
too  u")  (Fig.  1).  Results  from  all  synapses  were  quite  similar. 
They  show  that  the  portion  of  the  presynaptic  terminal  forming 
the  active  zone  emits  light  during  presynaptic  activation,  indi¬ 
cating  that  the  calcium  concentration  is  elevated  in  the  range  of 
10"*  M  during  this  active  period. 

The  location  of  these  small  light  sources  was  determined  by 
two  methodologies.  First,  light-emission  points  were  accumulated 
during  several  seconds  of  stimulation,  and  the  spatial  and  tem¬ 
poral  distribution  of  the  blips  was  then  studied.  Second,  to  ensure 
that  the  location  of  the  patches  of  blips  were  similar  within  re¬ 
peating  stimuli,  sets  of  successive  temporal  image  integrations 
of  the  recording  were  compared. 

Both  methods  illustrated  a  similar  distribution  of  microdo¬ 
mains  and  roughly  the  same  size  and  intensity  of  light  points. 
The  results  suggest  that  microdomains  may  belong  to  one  of 
two  varieties:  (1)  those  fluently  activated,  and  (2)  those  that, 
while  repeating,  activate  less  often.  Finally,  analysis  of  digitized 
sub-regions  of  the  image  field  showed  that  the  temporal  and 
spatial  distribution  of  microdomain  action  through  time  reflects 
the  temporal  cycling  of  active  sites  from  one  point  of  membrane 
to  the  next,  during  stimulation.  This  finding  suggests  that  an 
even  more  complex  modulation  of  activity  may  be  present  in 
these  terminals.  Indeed,  in  addition  to  calcium  microdomains. 
compartmentalization  of  other  parameters  such  as  the  degree  of 
phosphorylation  of  synapsin  1(11)  may  also  show  dynamic  in¬ 
teraction.  which  would  ensure  a  fine  control  of  transmitter  release 
from  one  impulse  to  the  next  Of  interest  here  is  the  possibility 
that  a  certain  number  of  calcium  channels  may  have  to  be  active 
simultaneously  in  order  to  activate  the  aequorin  signals  observed 
here.  In  that  case,  the  high  level  of  [Ca^*]i  obtained  at  the  mi¬ 
crodomain  may  itself  reduce,  by  a  “lateral  inhibition”  type  effect 
the  probability  of  further  calcium  channel  activation  in  a  given 
active  site. 

We  extend  our  deep  gratitude  to  Dr.  Osamu  Shimomura  for 
his  generous  gifts  of  the  custom  aequorin  preparations  used  in 
this  study.  The  authors  gratefully  acknowledge  research  grant 
support  from  the  NIH  (NS  14014  to  RL).  the  U.  S.  Air  Force 
(OSRG85-0368  to  RL).  the  NSF  (DCB-9005343  to  RBS)  and 
the  Cornell — U.  S.  Army  Biotechnology  Center  of  Excellence 
Program  (24629-LS-UIR  to  RBS). 
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Figure  I.  Iiiiu^erv  nl  Ca'-dcpcruicm  iicquurm  luininfMcme  mm  pre-lermmal  i>t  the  squid  ^lant  synapse. 
Sole  the  discrete  sizes  ot  individual  blips  Pseiidmcolorine  is  used  to  indicate  brightness  ol  each  blip:  white 
and  red  are  the  brightest  blips,  blue  and  siolet  blips  are  Hie  least  intense  Panel  T  lO-s  integration  ol  the 
pre-lerniinat  id  s  prior  to  suoiulatum  Panel  B  .1  ID-s  iniegration  ol  the  same  region  ol  the  pre-ierminal 
shown  in  Panel  .1  OD  s  loUowing  the  onset  oi  tetanic  stimulation  .^oie  the  increase  in  the  number  ol  blips 
lompared  lo  Panel  .1  Panel  C  .In  enlarged  image  oi  calcium  microdomains  in  ihe  region  indicated  within 
the  inset  borders  ol  Panel  B  Bar  -  Itl  um 
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Synaptic  Background  .Activity  Influences  Spatiotemporal  Integration  in  Single  PyTamidal  Cells 

Ojvind  Bernander  and  Chnsiof  Koch  (California  Insiiinie  of  Technology, 

216-76.  Pasadena.  C4  91125) 


Standard  1-D  cable  theory  models  the  voltage  behavior  of 
spatially  extended  cable  structures  in  response  to  svnaptic  inputs. 
These  models  usually  assume  R„  of  5-20.000  L’cm-  and  a  small 
number  of  activated  synapses.  Each  synaptic  input  induces  a 
transient  increase  in  the  membrane  conductance,  which  is  small 
relative  to  the  total  cell  conductance.  However,  neurons  do  not 
exist  in  isolation,  but  arc  part  of  a  heavily  interconnected  network 
of  neurons  that  are  sponiancouslv  active:  c  g  .  in  visual  cortex 
at  rates  between  0.5-5  synaptic  events  per  second  iHz|  ( 1 )  Given 
that  the  average  cortical  pyramidal  cell  receives  input  from  10- 
ZO.OOO  svnapses.  this  background  activitv  can  cause  an  added 
membrane  conductance  comparable  to  G-,  ^  I  R..,.  In  the  light 
ot  recent  evidence  suggesting  much  higher  values  tor  R,,  |2). 
this  svnaptic  background  activity  may  actuallv  constitute  the 
bulk  ot  the  etfective  membrane  conductance.  Here  we  studv  the 


overall  effect  of  synaptic  background  activity  on  the  spatial  and 
temporal  integrative  properties  of  a  single  pyramidal  cell. 

A  typical  layer  'V  pyramidal  cell  in  the  striate  cortex  was  tilled 
with  HRP  during  in  mo  expienments  on  anesthetized,  adult 
cats;  R,„  =  21  MSI  and  =  22  ms  (3).  Lengths  and  diameters 
of  all  163  dendritic  branches  were  measured,  and  the  data  was 
fed  into  a  modified  version  of  NEURON,  a  single  cell  simulator 
vleveloped  by  M.  Hines  and  J.  Moore  (4).  Passive  properties 
were  set  to:  R„  =  100.000  Slcm^  C„  =  1  moi  '•  Ri  =  200  flcm. 
and  E.^  =  -66  mV.  Seven  active  Hodgkin-Huxley-like  currents 
were  located  at  the  soma,  including  a  calcium-dependent  K  cur¬ 
rent.  giving  such  basic  behavior  as  spike  adaptation  and  pnmarv 
slope  of  the  curve  relating  injected  current  to  the  number  of 
action  potentials  triggered.  We  modeled  4000  exatatory  sy  napses 
using  gtt)  =  const  te  for  the  time-varying  conductance  in- 
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Figure  1.  Impact  of  synaptic  background  frequency  iin  synaptic  events 
per  second.  Hzi  on  cellular  parameters  of  the  layer  V  cell  described  in 
the  text,  fa)  Somatic  inpttt  resistance.  R„.  in  the  absence  of  any  acttve 
currents  (top  curve:  passive  neuron)  and  in  our  standard  model  fbottom 
curve).  Over  this  range,  the  somatic  input  conductance  varies  from  9.1 
nS  fat  f  =  0)  to  151  nS  fat  f  =  7  Hz),  fbj  Membrane  time  constant.  t„ 
measured  at  the  cell  body,  fc)  Somatic  resting  potential.  fd)  Elec¬ 
trotonic  distance.  L.  from  the  soma  to  three  different  locations  (the  distal 
end  of  a  basal  dendrite,  a  point  halfway  up  the  apical  iree  and  the  most 
distal  point  in  layer  1). 


crease  (with  =  0.5  nS  and  tpe.k  =  1-5  ms).  500  inhibitory 
synapses  of  the  GABAa  type  (with  gpo,k  =  10  nS  and  tp^^  =  iO 
ms)  and  500  of  the  GABAg  type  (with  =  0.1  nS  and  tp^ 
=  40  ms).  The  density  of  inhibitory  synapses  was  highest  on.  or 
close  to.  the  soma,  and  vice  versa  for  excitatory  synapses. 

Figure  I  illustrates  what  happens  if  the  synaptic  background 
activity.  (0  is  varied.  In  the  absence  of  input  (corresponding  to 
slice  conditions).  Rp,  =  153  Mfi  and  =  80  ms.  while  V,^  is 
pulled  between  £^,1,  and  Ek  (-95  mV).  At  1  Hz  background 
activity,  5  synaptic  events  are  impinging  on  the  cell  every  ms. 
contributing  a  total  of  24  nS  to  the  somatic  input  conductance 
Gj„  (corresponding  to  34%).  Along  with  R„,  drops  with  in¬ 
creasing  f.  This  drop  is  most  dramatic  between  0  and  2  Hz. 
Because  of  the  reversal  potential  of  the  excitatory  synapses  (0 


mV),  the  membrane  potential  throughout  the  cell  is  pulled  to¬ 
wards  more  depolarizing  potentials.  That  the  spatial  integrative 
properties  vary  with  f  is  demonstrated  in  Figure  Id.  The  elec¬ 
tronic  distance  of  three  locations  are  plotted  vs.  f.  As  we  go  from 
0  to  2  Hz.  the  distance  increases  almost  by  a  factor  3,  making 
the  cell  much  less  compact,  effectively  isolating  distal  parts  of 
the  apical  tree. 

We  showed  that  the  synaptic  background  activity  can  modify 
the  temporal  integration  behavior  of  the  cell,  by  computing  the 
minimal  number  of  excitatory  synapses  necessary  to  generate 
at  least  one  action  potential.  We  compare  the  case  in  which  all 
synapses  are  activated  simultaneously  with  the  case  in  which 
the  inputs  arrive  asynchronously,  smeared  out  over  25  ms.  If  f 
=  0,  115  synapses  must  fire  simultaneously  to  generate  a  single 
action  potential,  while  145  are  needed  if  the  input  is  desyn¬ 
chronized.  This  small  difference  is  due  to  the  long  integration 
period  of  the  cell.  If  the  background  activity  increases  to  f  =  I 
Hz.  1 1 3  synchronized  synaptic  inputs — spread  out  all  over  the 
cell — are  sufficient  to  fire  the  cell.  If,  however,  the  synaptic  input 
is  spread  out  over  25  ms.  202  synapses  are  now  needed  to  trigger 
a  response  from  the  cell.  This  is  mainly  due  to  the  much  smaller 
value  of  T„  relative  to  the  period  over  which  the  synaptic  input 
is  spread  out  The  difference  between  synchronized  and  unsyn¬ 
chronized  synaptic  input  in  evoking  action  potentials  becomes 
much  larger  if  periodic,  repetitive  synaptic  input  is  considered. 

The  principal  phenomenon  reported  here  is  the  dramatic  effect 
that  network  activity  can  have  on  the  spatiotemporal  integration 
behavior  of  single  neurons.  Our  results  show  that  the  large  values 
of  Rm  and  reported  by  several  groups  for  pyramidal  cells  (2, 
5, 6)  may  simply  reflect  the  lack  of  general  synaptic  background 
activity  typically  observed  in  slice  preparations.  This  would  also 
explain  the  lower  values  of  V,,,,  seen  in  slices  as  compared  to  in 
vivo  intracellular  recordings.  Thus,  the  overall  activity  of  the 
network  can  alter  the  properties  and  the  behavior  of  single  neu¬ 
rons.  Our  prediction  can  be  simply  tested  by  recording  from 
one  cell  and  varying  the  overall  network  activity  with  the  help 
of  sensory  affeients. 
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SUMMARY 

1.  Presynaptic  or  simultaneous  pre-  and  postsynaptic  voltage-clamp  protocols 
were  implemented  in  the  squid  giant  synapse  in  order  to  determine  the  magnitude 
and  time  course  of  the  presynaptic  calcium  current  (If.J  and  its  relation  to 
transmitter  release  before  and  after  presynaptic  injection  of  proteins.  These  included 
several  forms  of  synapsin  I.  calcium-calmodulin-dependent  protein  kinase  II  (CaM 
kinase  II)  and  avidin. 

2.  The  quantities  and  location  of  these  proteins  were  monitored  by  fluorescence 
video-enhanced  microscopy  during  the  electrophysiological  measurements. 

3.  Presynaptic  injection  of  dephosphorylated  synapsin  I  inhibited  svnaptic 
transmission  with  a  time  course  consistent  with  diffusion  of  the  protein  through  the 
terminal  and  action  at  the  active  release  zone.  A  mathematical  model  relating  the 
diffusion  of  synapsin  I  into  the  terminal  with  transmitter  release  was  developed  to 
aid  in  the  interpretation  of  these  results. 

4.  Synapsin  I  inhibition  of  transmitter  release  was  reversible. 

5.  The  action  of  synapsin  I  was  highly  specific,  as  phosphorylation  of  the  tail 
region  only  or  head  and  tail  regions  prevented  synapsin  I  from  inhibiting  release. 

6.  Injections  of  heat-treated  synapsin  I  or  of  avidin.  a  protein  with  a  size  and 
isoelectric  point  similar  to  those  of  synapsin  I,  had  no  effect  on  transmitter  release. 

7.  CaM  kinase  II  injected  presynaptically  was  found  to  facilitate  transmitter 
release.  This  facilitation,  which  could  be  as  large  as  700  %  of  the  control  response,  was 
related  to  the  level  of  penetration  of  the  enzyme  along  the  length  of  the  preterminal. 
A  mathematical  model  (<f  this  facilitation  indicates  a  reasonable  fit  between  the 
distribution  of  CaM  kinase  II  within  the  terminal  and  the  degree  of  facilitation. 

8.  The  overall  shape  of  the  postsynaptic  response  was  not  modified  by  either 
synapsin  I  or  CaM  kinase  II  injection. 

9.  The  data  suggest  that,  in  addition  to  releasing  transmitter,  calcium  also 
penetrates  the  presynaptic  cytosol  and  activates  CaM  kinase  II.  When  activated. 
CaM  kinase  II  phosphorylates  synapsin  I.  which  reduces  its  binding  to  vesicles 
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and/or  cytoskeletal  structures,  enabling  more  ve.si(;los  to  h>e  released  during  a 
presynaptic  depolarization.  The  amplitude  of  the  postsynaptic  response  will  then  be 
both  directly  and  indirectly  regulated  by  depolarization -induced  Ca*^  influx.  This 
model  provides  a  molecular  mechanism  for  synaptic  potentiation. 

INTRODUCTION 

Electrophysiological  and  morphological  studies  in  the  squid  giant  synapse 
preparation  have  yielded  significant  insights  into  the  mechanisms  of  depolar¬ 
ization-release  coupling  in  chemical  transmission  (Katz  &  .Miledi.  1967;  Llinas. 
Steinberg  &  Walton.  19Slo.  h:  cf.  Augustine.  Charlton  &  Smith.  1987).  Because  both 
the  pre-  and  postsynaptic  terminals  in  this  junction  can  be  impaled  directly  (Bullock 
&  Hagiwara.  1957 ;  Haaiwara  &  Tasaki.  1958),  the  depolarization-release  coupling 
process  may  be  .studied  at  its  site  of  occurrence.  We  have  recently  examined  some  of 
the  biochemical  steps  involved  in  the  release  process.  Since  the  presynaptic  terminal 
can  generate  action  potentials  (Miledi  &  Slater.  1966;  Llinas.  Sugimori  &  Simon. 
1982).  the  effects  of  presynaptically  injected  proteins  on  depolarization-release 
coupling  can  be  directly  tested  using  spike  activation.  In  addition,  pre-  and 
postsynaptic  voltage  clamping,  combined  with  pharmacological  blockade  of  Na^  and 
conductances,  allow  preci.se  measurement  of  the  presynaptic  Ca*^  current. 
Transmitter  release  can  be  inferred  from  the  time  course  and  amplitude  of  the 
postsynaptic  potential  (Llinas.  Steinberg  &  Walton.  1976;  Llinas  et  al.  19816)  or 
the  postsynaptic  current  (Llinas  &  Sugimori.  1978;  Augustine  &  Charlton.  1986). 
thereby  allowing  determination  of  the  relationship  between  Ca*"^  entry  and 
transmitter  release. 

Several  findings  have  .suggested  a  prominent  role  for  the  protein  synapsin  I  in 
.synaptic  transmission.  For  instance,  synapsin  I  has  been  found  to  be  nearly 
ubiquitous  in  presynaptic  terminals,  and  to  be  closely  associated  with  the 
cytoplasmic  surface  of  small  synaptic  '  esicles.  It  represents  about  1  %  of  the  total 
neuronal  protein  in  the  mammalian  brain  (DeCamilli.  Cameron  &  Greengard.  1983; 
Greengard.  Browning.  McGuinness  &  Llinas,  1987).  Earlier  experiments  in  the  squid 
giant  synapse  have  indeed  shown  that  intracellular  injection  of  synapsin  I  can  block 
synaptic  transmission,  and  that  Ca**-calmodulin-dependent  protein  kinase  II  (CaM 
kinase  II)  has  a  facilitorv  effect  (Llinas,  McGuinness.  Leonard,  Sugimori  & 
Greengard,  1985;  Greengard  et  al.  1987). 

Based  on  ihese  and  other  findings,  we  hypothesized  that  synapsin  I  serves  to 
immobilize  synaptic  vesicles  by  binding  them  to  cytoskeletal  elements,  and  that 
phosphorylation  of  synapsin  I  by  CaM  kinase  II  liberates  vesicles  from  these 
attachments  ( Llinas  e/ a/.  1985;  DeCamilli  &  Greengard,  1986;  Greengard  ef  of.  1987; 
McGuinness.  Brady.  Gruner.  Sugimori.  Llinas  &  Greengard,  1989;  DeCamilli. 
Benfenati.  Valtorta  &  Greengard.  1990). 

The  regulation  of  synapsin  I  phosphorylation  is  of  central  importance  to  this 
hypothesis.  Synapsin  I  can  be  phosphorylated  at  three  sites;  site  1  is  located  in  the 
globular  head  region  of  the  molecule,  while  sites  2  and  3  are  located  in  the  elongated 
tail  region.  Previous  studies  have  indicated  that  CaM  kinase  II  is  capable  of 
phosphorylating  synapsin  I  on  its  tail  sites,  while  the  head  site  can  be  phosphorylated 
either  by  cyclic  AMP-dependent  protein  kinase  or  by  Ca**-calmodulin-dependent 
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[jrotpin  kinase  I  (Hiittner  A:  (ireentrani.  1979;  .Siejrhart.  Forn  &  Greengard.  1979; 
Huttner.  Deliennaro  &  (ireengard.  19S1 ;  Kennedy  &  Greengard.  1981;  Czernick. 
Pang  &  Greengard.  1987;  Nairn  &  (ireengard.  1987).  Phosphorylation  of  the  tail 
region  by  CaM  kina.se  II  reduces  the  binding  of  synapsin  I  to  synaptic  vesicles 
( Huttner.  Scheibler.  Greengard  &  Del  amilli.  1983 ;  Sehiebler.  Jahn.  Doucet.  Rothlein 
&  Greengard.  198b;  Benfenati.  Bahier.  Jahn  &  Greengard.  1989)  as  well  as  to  actin 
(Bahler  &  Greengard.  19H7 ;  Petriu-ei  &  .Morrow.  1987).  It  has  been  hypothesized  that 
synapsin  I  cross-links  synaptic  vesicles  to  actin.  and  that  upon  phosphorylation  of 
synapsin  I  by  Ca.M  kina.si*  II.  the  vesicles  are  free  to  move  from  a  reserve'  pool  to 
a  releasable'  {lool  (Llinas  i-t  al.  1985;  Bahler  &  Greengard.  1987;  Benfenati  et  al. 
1989;  De( 'amilli  f  t «/.  1990).  The  size  of  the  postsynaptic  response  would  then  depend 
on  both  the  size  of  the  inward  calcium  current  and  the  number  of  vesicles  available 
for  release.  Here  we  prc.sent  results  obtained  following  the  injection  of  synapsin  I  and 
CaM  kinase  II  which  are  consistent  with  this  hypothesis.  Some  of  the  results  have 
been  reported  in  preliminary  form  (Llinas  et  al.  1985). 


.METHODS 

stellate  ganglion  preparation 

E.xperiments  were  performeb  in  the  giant  synapse  of  the  squid  Loiigo  pealii  at  the  Marine 
Biological  Laboratory.  Woods  Hole.  .M.A.  I'S.A.  .After  decapitation  of  the  .squid,  the  stellate 
ganglion  was  isolated  from  the  mantle  under  running  sea  water  and  placed  in  the  recording 
chamber.  The  connective  ti.'sue  over  its  surface  was  removed  while  the  ganglion  was  continuously 
superfused  with  artificial  sea  water  for  the  duration  of  the  e.xperiment  (Llinas  et  al.  1981a).  The 
presynaptic  terminal  was  impaled  with  two  microelectrodes :  one  to  inject  current  and  the  different 
proteins,  and  one  to  measure  voltage,  which  provided  the  feedback  signal  for  the  voltage-clamp 
amplifier.  Chemicals  (TE.A)  and  proteins  ( phosphorx-lated  and  dephosphorx'lated  synapsin  I.  mock 
phosphorv’lated  synapsin  I.  avidin  and  Ca.M  kinase  II)  were  injected  into  the  presynaptic  terminal, 
using  pressure  pulses  .iU-MNi  ms  in  duration,  regulated  to  10*  X/m*.  The  postsynaptic  fibre  was 
impaled  with  two  electrodes,  one  for  voltage  recording,  the  other  for  current  injection.  A  brief 
electrical  stimulus  to  the  presynaptic  bundle  via  a  bipolar  electrode  located  proximal  to  the  stellate 
ganglion  was  used  to  confirm  the  viability  of  the  preparation  prior  to  the  initiation  of  each 
experiment.  Following  demonstration  of  synaptic  transmission,  the  sodium  and  potassium 
conductances  blocked  by  bath  application  of  tetrodotoxin  (TTX;  5  x  10"*  M)  and  4- 

aminopyridine  (4-.AP)  (final  concentration  1  m.M).  In  addition.  TE.A  was  also  injected  pre- 
.synaptically  in  some  experiments  (.see  Figs  8.4 . 9  and  10).  Careful  monitoring  revealed  that  during 
this  procedure  the  potential  at  the  recording  electrode  depolarized  transiently  by  2-5  mV  in 
.successful  injections.  iJnly  in  those  experiments  where  the  membrane  potential  stabilized  within 
5  mV  of  the  pre-injection  membrane  potential  level  was  the  experiment  continued.  In  our  initial 
experiments,  dephosphorylated  synapsin  I  was  injected  prior  to  any  pharmacological  intervention 
to  investigate  the  action  of  synapsin  I  in  the  absence  of  the  ionic  channel  blocker.  The  presynaptic 
as  well  as  the  simultaneous  presynaptic  and  postsvmaptic  voltage-clamp  and  calcium  current 
measurement  techniques  have  been  previously  described  (Llin^  &  Sugimori.  1978:  Llin^  el  al. 
1981a:  cf.  .Augustine  et  al.  1987). 

Vi.iualization  of  intrarellularhi  injerted  prolein.i 

To  visualize  the  proteins  u.seti  in  the  presynaptic  injections,  the  various  forms  of  synapsin  I  and 
avidin  were  made  Huorescent  by  conjugation  to  the  dye  Texas  Red  (see  below).  Binding  of  the  dye 
to  synapsin  I  did  not  alter  its  ability  to:  (a)  be  phosphorylated  by  CaM  kinase  II  as  assessed  using 
the  procedure  of  .Meduinness.  L.ii  A"  dreengard  (1985)  :  (b)  bind  to  purified  stmaptic  vesicles  using 
the  procedure  of  .^chiebler  et  al.  1 1988) :  or  (c)  inhibit  neurotransmitter  release  (present  report).  .A 
high-gain  fluorescence  imaging  svstem  consisting  of  a  Videcon  camera  attached  to  a  microchannel 
[ilate-image  intensitier  imaximiim  light  magnification.  10*)  allowed  us  to  localize  the  protein  in  the 
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preterminal.  Tht*  irnaue  was  thfii  aiiulyscii  nn  a  Hamamatsu  ('  lOfiH  image  anaivaia  system 
w  hich  gave  a  weli-<ietine(i  riuoresceiu-e  [irorilf.  Tile  movement  of  the  labelled  protein  waa  measured 
at  different  times  after  the  injeetion  and  its  movement  aloni:  the  terminal  was  determined  bv 
entering  the  enhanced  image  into  a  computer  for  graphic  analysis.  The  rate  of  protein  movement 
was  determined  by  measuring  the  advance  of  the  wavefronts  as  the  terminal  filled,  and  then 
calculating  the  percentage  area  of  the  terminal  which  remained  unfilled  at  each  time  point.  As 
iliscussed  below,  after  the  protein  had  diffu.sed  several  hundred  micrometres  and  its  concentration 
had  lieclined.  the  wavefront  tiecame  less  well  defined  and  thus  its  position  gave  an  underestimate 
of  the  e.xtent  of  protein  movement  into  the  terminal.  The  diffusion  velocity  of  synapsin  i  and  avidin 
measureil  in  this  way  was  typicallv  i’.‘>  ."i.) //m  mm  '  |cf.  Fig.  .'H'). 

The  location  of  CaM  kina.se  11  was  indirectly  determined  by  adding  Texas  Red-labelled  bovine 
serum  albumin  iB.''.\i  to  the  injeition  solution  since  the  binding  of  dyes  interfered  with  its 
soiubility  and/or  its  ability  tn  phosphoryiate  synapsin  I.  .\ddition  of  labelled  BSA  to  the  CaM 
kinase  11  solution  had  no  iletectable  effect  on  the  ability  of  the  enzyme  to  phosphoiylate  synapsin 
I  III  vitro  or  on  its  ability  to  enhance  neurotransmitter  release  from  the  giant  syna(>se. 

In  early  experiments  the  volume  of  synapsin  I  injected  into  the  presynaptic  terminal  was 
determined  using  ‘'^I-labelled  synapsin  I  which  was  measured  directly,  using  a  gamma  counter.  In 
five  trials,  the  volume  injected  wasOO.o-1  pi.  i.e.  <  10'’o  of  the  total  volume  of  the  terminal  digit, 
corresponding  to  a  maximai  intraiellular  synapsin  I  concentration  of  t  lbi/iM.  Sjmapsin  I.  avidin 
and  B.'^A  had  similar  mobilities  in  the  terminal. 

PrrjxirntlortK  of  jirritn».i 

Dephosphorylated  'vnapsin  I  was  purified  from  bovine  brain  by  modification  (Bahler  & 
(ireengard.  1!)n7i  of  the  jirocedure  of  .S  hiebler  ft  at.  (1986)  CaM  kina.se  II  was  purified  from  rat 
forehrain  a.s  jirevioiislv  de'i-ribed  i  .Met  oiinness  ft  nl.  198.5).  with  the  addition  of  hydroxylapatite 
chromatograjihy  in.serteii  lictweeii  the  OK.XE  cellulose  chromatography  and  ammonium  sulphate 
precipitation  'teiis  I'he  punned  C.i.M  kinase  II  lOo  mg  ml  ‘)  was  dialysetl  extensively  against 
•  >•.5  .\|-[)ota.ssium  .icetate.' |o  mM-|>ota.ssium  jihosphate.  pH  7  +  (injection  buffer)  and  stored  at 
-70  °C  until  immediately  iiefore  use.  The  catalytic  subunit  of  cyclic  .\.MP-dependent  protein 
kinase,  purified  as  <lescrii>ed  iKaczmarek.  .Jennings.  .Strumwas-ser.  Xaim.  Walter.  Wilson  & 
Creengard.  lO^oi  was  a  gift  of  Dr  .\  <  ‘  Nairn.  Calmodulin  wa.s  puntied  as  described  ((Irand.  Perry 
i  Weeks.  1979i  .Vvidin.  a  basic  protein  similar  in  size  to  synapsin  I.  was  labelled  with  the 
fluorescent  dye  Texas  Red  Texas  Re<l-labelled  avidin  and  Texas  Red-labelled  BS.A  were  obtained 
from  .Molecular  Probes  iKugene.  oR.  I'.'s.X).  dissolved  in  and  dialysed  extensively  against  the 
injection  buffer  and  stored  in  aliquots  at  — 70°r  until  immediately  before  use.  Protein 
(ietermmatioiis  were  perfonneil  by  the  method  of  Peterson  (1977)  using  BS.\  as  the  standard. 

.'synapsin  I  io  :i.5  mg  ml  M  was  phosphorvlated  by  incubation  for  ;I0  min  at  (It)  °C  in  .50  mM-Tris- 
HCI.  pH  7'.5.  !.)(•  mM-.Va<  '1. 1.IA  m.vi-C(;T.\.  I  m.M-dithioerx-thritol.  10  msi-.MgCI,.  100 ^.m-.ATP  with 
trace  amounts  of  [7-’-P|ATP.  with  either  CaM  kinase  II  (3-4 /ig  ml'*),  mM-CaCl,.  SO/igmC 
calmodulin  and/or  the  catalytic  .subunit  of  cyclic  .AMP-dependent  protein  kinase  (60nM/0-|“'o 
Nonidet-P40).  Mock  phospho-synapsin  I  was  prepared  as  above  except  that  both  kinases.  CaCl.. 
calmodulin  and  Nonidet-P4ii  were  added  while  ATP  was  omitted  from  the  reaction  mixture, 
.'synapsin  1  was  phosphorvlated  to  a  stoichiometiy  of  2  0  mol  mol  *  by  CaM  kinase  II  and 
0-9.5  mol  mol"'  by  the  catalytic  subunit  of  cyclic  .AMP-dependent  protein  kinase,  as  confirmer!  by 
one-  and  two-dimensional  jiejitide  mapping  of  the  phosphorx’fated  sx-napsin  I  molecules  (Huttner 
ft  nl.  1981 :  Kennedy  \  tireengard.  1981  ;  Kennedy.  .Meduinness  &  Greengard.  1983). 

The  synapsin  I  prejiarations  to  be  ffuorescently  labelled  were  dialysed  extensively  against  0-l  m- 
Tris-HCI  (pH  90i.  .50  mxi-XaCl  and  then  concentrated  on  an  .Amicon  centricon  30  unit  to  a  final 
protein  concentration  of  I  mg  ml  *.  Conjugation  to  the  fluorescent  probe  Texas  Red  (Molecular 
Probes.  Eugene.  <  iR.  I’.'s.Al  was  jierformed  according  to  the  methixl  ofTitus.  Haugland.  .''harrow  & 
.''egal.  (1982).  Briefly.  1  mg  of  Texas  Red  was  dissolved  in  2.50 /d  of  dimethylformamide  and  an 
aliquot  was  immediately  added  to  the  protein  solution  (0-.5-1-0  ml)  using  a  ratio  of  004  mg  Texas 
Red  :  1  mg  protein.  ( 'on  jugation  reactions  were  carrieri  out  for  1  h  at  4  “C.  Synapsin  I.  in  both  the 
labelled  and  unlabelled  jirejiaratioiis.  was  purified  away  from  kinases  and/or  unbound  Texas  Red 
by  (  M-cellulose  chromatograjihy  at  jiH  8-»  ( I’eda  &  Greengard.  1977).  Svnapsin  I  was  eluted  from 
the  CM-celluiose  i-oliimn  with  injection  buffer,  concentrated  as  described  above,  dialysed  overnight 
■igainst  the  injection  biirti-r.  -  entrifuged  at  4.50000(7  for  1.5  min  to  remove  large  aggregates,  and 
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>-ithfr  stored  at  o  'C  and  used  uitnin  7  days  oi  preparation  or  stored  at  — 70°C  and  thawed 
immediately  before  use  The  absoroanee  ratio  of  the  labelled  synapsin  I  ranged  from  07  to 

1  giving  an  estimated  molar  ove  protein  ratio  of  5:1  to  12:1.  One-dimensional  .SDS-gel 
electrophoresis  conhrmed  that  tiie  liuon'scence  co  migrated  with  the  synapsin  I  protein  staining 
bamis. 

Ihitii  nrinlifiis 

Klectrophysioiogical  responses  \ii-re  stored  on  a  Xicolet  4(J94B  digital  oscilloscope  and  transferred 
to  a  Macintosh  II  ■  iim[)Uter  for  anaivsis  Peak  amplitudes  for  the  postsynaptic  potentials  (PSPl  or 
currents  (PSI)  were  determined  U'ing  the  average  value  of  the  pre-stimulus  baseline  as  reference. 
In  some  ex[)eriments.  the  aiufilitu'le  of  the  [lost.svnaptie  response  was  obtained  by  integrating  the 
'  urves  over  the  fieriod  lequired  I'.r  the  largest  response  to  return  to  baseline.  Indeed,  in  those  cases 
where  the  shaja-  of  the  res(H)nst-  .  urve  did  not  change  as  a  function  of  stimulus  amplitude,  the 
integral  of  the  response  w  as  pro[>ortional  to  the  (leak  response  amplitude  at  all  stimulus  levels.  This 
was  tested  in  three  preparations  in  which  integrals  of  postsvnaptic  currents  or  voltage  responses 
were  calculated  and  compareil  to  leak-to-peak  amplitudes.  In  each  case,  there  was  a  high  ~ 
•  m.i)  linear  correlation  between  the  [leak  amplitudes  and  the  integrals  of  the  responses  when 
'■ompared  at  various  stimulus  icsels.  and  there  was  no  apparent  change  in  the  shape  of  the 
resfwnses.  The  ma.ximum  rate  oi  rise  of  the  response  was  determined  by  a  computer  algorithm 
w  hich  determine*!  'lojies  for  siici-e^sive  .sets  of  five  points  20  fia  apart,  beginning  at  the  onset  of  the 
'timulus  artifait  to  the  time  oi  the  respon.se  peak.  The  maximum  slope  determined  by  the 
computer  was  overlaid  on  the  raw  waveform  for  visual  verification.  Statistical  calculations  (linear 
correlation  coethi  lents.  t  testsi  were  |ierformed  using  commercial  statistics  programs. 


RESfLTS 

The  <Iataba.se  compristHl  rifty-two  experiments  involving  injections  of  various 
dephosphorvlated  and  [ihosphorvlated  forms  of  synapsin  I.  avidin  and  CaM  kinase 
II.  The  results  of  these  experiments  are  summarized  in  Table  1.  More  than  100 
experiments,  in  which  the  jireterminal  had  been  injected  with  one  of  the  above 
proteins,  were  excluded  from  this  database  for  one  of  the  following  reasons:  (a) 
failure  to  achieve  normal  fire-  and  postsynaptic  resting  membrane  potential  values 
after  injection:  :l>)  .•^ignihcant  <lrop  in  membrane  potential  (more  than  5  mV)  or  of 
input  resistance  and  (c)  leakage  of  dye  into  the  extracellular  compartment.  Fine 
adjustments  of  the  electrode  positions  were  sometimes  needed  to  maintain  recording 
integrity.  If  a  microelectrode  came  completely  out  of  a  terminal  more  than  once,  the 
data  were  discarded. 


Syiiap-iin  /  and  transmitter  release 

Effect  of  depho-iphori/lated  -synapsin  /  on  neurotransmitter  release  elicited  by 
presynaptic  action  potential-i 

In  twenty-one  experiment.s.  dephosphorvlated  synapsin  I  (sjTiapsin  I)  was 
succes-sfully  injected  into  the  final  preterminal  digit  between  200  and  1100/tm  from 
its  distal  end  and  allowed  to  diffuse  throughout  the  remainder  of  the  digit.  In  one 
experiment  the  post.synaptic  potential  elicited  by  presynaptic  nerve  stimulation  was 
measured  at  regular  iiiter\ai>  alter  injection  of  the  protein.  This  allowed  the  release 
properties  of  the  .synapse  to  tie  determined  in  the  absence  of  other  pharmacological 
agents.  As  show  n  in  Fig  1.  injection  of  synapsin  I  was  accompanied  by  a  reduction 
of  transmitter  release  as  measure<l  by  the  decline  in  amplitude  of  the  PSP.  The 
jio.-itsynaptic  n‘'ponse  dei  riM'cd  in  amplitude  after  this  injection  as  the  protein 
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2n-2 

iliffusfd  into  the  preterminal  (iiait.  without  any  chanttc  in  the  amplitude  of  the 
[)resyna[)tic  action  f)ot<‘ntial.  This  decrease  in  the  postsynaptic  response  was  almost 
complete  24  min  after  the  injection. 

Thc.se  tindinys  are  in  atireement  with  our  initial  observations  that  the  injection  of 
(ief)h()sphorylatcd  synapsin  1  can  block  the  release  of  transmitter  induced  by 


T\blk  I.  Summary  of  injection  experiments 

1  Inject  ion  A  XC 

1 

F 

•  a.M  k ina.se  11 

9 

0 

1 

8 

Synapsin  1 

21 

1 

20 

0 

.Muck  phospho-'cnapsin  I* 

.} 

0 

3 

0 

Heat-treateil  syna()sin  1 

•> 

•> 

0 

0 

Heail-tail-phosphiirvlated  .synapsin  I 

4 

3 

1 

0 

Heail-phosphnrvlateil  synapsin  1 

7 

1 

6 

0 

Tail-phosphorvlated  .synapsin  I 

0 

•> 

0 

0 

.Xvifiin 

4 

4 

0 

0 

Total  number 

.52 

— 

— 

— 

.V  total  niitiil)cr:  XC.  no  <-hanee;  I.  inhibition  of  release:  F.  facilitation. 
*  Prepared  a.s  phospho— vnapsin  I  except  not  phosphorvlated. 


presyna|)tic  action  [)otentials  (Llinais  e/  al.  1985)  and  with  those  recently  publishetl 
on  -Mauthncr  it’ll  function  in  the  vertebrate  central  nervous  system  (Hackett. 
Cochran.  ( ireentield.  Brosius  &  L’eda.  1999). 

Relation  between  rle’iho-sfihori/lated  xynapsin  /  diffusion  into  the  terminal  and 
neurntrnnsmitter  release  evoked  hi/  presynaptir  voltage  steps 

In  order  to  establish  t.he  parameters  that  determine  blockade  of  transmitter  release 
))y  defihosphorylated  synapsin  1.  calcium  currents  were  measured  before  and  at 
several  intervals  after  injection  of  .synapsin  I.  The  presynaptic  terminal  was  voltaee 
clamped  and  transiently  depolarized  by  rectangular  voltage  pulses  of  constant 
amplitude  (49  mV)  and  iluration  (4-5  ms)  from  a  holding  potential  of  —65  mV,  This 
allowed  the  time  course  and  amplitude  of  the  postsynaptic  response  to  be  determined 
as  a  function  of  the  presynaptic  /f.,  (Llinas  et  al.  1981a,  b.  Augustine.  Charlton  k 
Smith.  1985). 

The  decrease  in  postsynaptic  response  to  constant  amplitude  voltage  steps 
following  synapsin  1  injec  tion  at  the  proximal  end  of  the  presxmaptic  digit  is  shown 
in  Fig.  1.  The  presynaptic  voltage  step  was  repeated  at  the  inten’als  indicated  by  the 
numbers  to  the  left  in  the  top  panel  of  Fig.  2  which  indicate  time  in  minutes  after 
injection.  The  results  confirm  our  previous  hnding  that  synapsin  I  does  not  alfect 
in  contrast  to  its  dramatic  inhibition  of  the  postsynaptic  response  (Llinas  et  al.  1985). 
Almcjst  complete  inhibition  of  the  jiost.synaptic  response  occurred  at  about  25-30  min 
(see  plot  in  Fig.  3B).  In  this  experiment,  was  not  completely  blocked,  as  TEA  was 
not  injected  to  avoid  a  po.ssible  interaction  with  the  action  of  s^mapsin  I.  However, 
it  can  be  s«-en  that  the’  initial  rate  and  amplitude  of  /p^  was  unaffected  by  synapsin 
I.  Furthermore,  in  subse<)ii«'nt  c-xperiments  (see  Fig.  6)  it  was  observed  that  TEA.  in 
amounts  reciuircd  to  abolish  the  K'  currents,  did  not  interfere  with  the  ability  of 
synapsin  1  to  block  transmit  ter  release. 
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In  order  to  determine  the  mobility  of  synapsin  I  within  the  presynaptic  cytosol, 
and  to  investigate  the  relationship  between  the  location  of  synapsin  I  and  transmitter 
release,  a  series  of  e.xperiments  were  carried  cut  in  which  synapsin  I  was  injected  at 
various  locations  along  the  preterminal.  Synapsin  I  was  labelled  with  the  fluorescent 


Fie.  1 .  Pre-  and  postsynaptic  potentials  from  the  squid  giant  synapse  before  and  after 
presynaptic  injection  of  synapsin  I.  .Synaptic  transmission  was  almost  completely  blocked 
24  min  after  injection.  Xo  sitiniticant  change  in  the  presynaptic  spike  was  observed.  The 
decrement  in  post.synaptic  spike  amplitude  was  due  to  inactivation  and  activation 
as  the  time  required  for  the  PSP  to  reach  firing  level  was  prolonged  by  the  progressive 
block  of  synaptic  transmission.  The  numbers  give  the  time  after  synapsin  I  injection  in 
minutes. 

dye  Texas  Red  and  imaged  using  video-enhanced  microscopy  (see  Methods)  which 
allowed  constant  monitoring  of  the  diffusion  of  the  synapsin  I-Texas  Red  conjugate. 
The  results  of  two  experiments  are  shown  in  Fig.  3.  The  initial  diffusion  rate  of 
synapsin  I  into  the  presynaptic  terminal,  as  determined  by  analysis  of  video- 
enhanced  microscopic  images  of  five  individual  injections,  ranged  between  23  and 
108/tmmin"‘  (mean  ±  s.d.  =  .54  +  33).  This  value  is  similar  to  that  found  for 
injection  of  similar  proteins,  such  as  avidin  (see  below).  The  amplitude  of  the 
postsynaptic  response  and  the  filling  of  the  presjmaptic  terminal  are  plotted  in  Fig. 
3i4  as  a  function  of  time  for  a  synapse  in  which  synapsin  I  was  injected  300-400  fim 
proximal  to  the  beginning  of  the  synaptic  zone  region.  Data  for  a  sjmapse  in  which 
the  injection  was  near  the  proximal  edge  of  the  active  zone  region  are  plotted  in  Fig. 
3B.  The  maximal  reduction  in  mean  amplitude  occurred  after  synapsin  I  had 
completely  filled  the  presynaptic  terminal  (Fig.  3B). 

The  initial  rate  of  filling  of  the  presynaptic  terminal  was  best  fitted  by  a  linear 
function.  In  cases  where  the  injection  was  relatively  small  and/or  more  than  several 
hundred  micrometres  from  the  end  of  the  terminal,  the  fluorescence  intensity  became 
faint  and  the  diffusion  rate  appeared  to  slow  dramatically  near  the  end  of  the 
terminal.  In  Fig.  35.  for  example,  the  fluorescence  was  very  low  after  the  initial 
5  min  following  injections.  This  did  not  occur  for  the  injection  shown  in  Fig.  34. 
perhaps  because  of  the  relatively  large  size  of  the  injection. 
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In  contrast  to  the  linear  time  course  of  filling  of  the  terminal,  the  initial  time  course 
of  postsynaptic  inhibition  was  better  fitted  by  an  exponential  curve.  When  the 
injection  was  further  from  the  edge  of  the  active  zone,  as  in  the  experiment 
illustrated  in  Fig.  3*4.  the  onset  of  inhibition  was  delayed  for  a  period  of  time.  In 


2  ms 


Fig.  2.  Postsynaptic  voltage  (above)  and  presynaptic  (middle)  following  a  presvnaptic 
injection  of  sv-napsin  I.  A  constant  presynaptic  voltage  pulse  was  delivered  at  regular 
intervals  before  and  after  the  injection  (bottom).  The  postsynaptic  responses  illustrated 
were  recorded  at  the  intervals  given  by  numbers  to  the  left  (in  minutes). 


some  cases,  the  rate  of  reduction  in  PSP  amplitude  also  appeared  to  decline  as  the 
wavefront  approached  the  end  of  the  terminal,  suggesting  that  release  from  the  most 
distal  terminal  region  may  not  be  as  large  as  that  from  the  rest  of  the  preterminal. 

Since  the  morphology  of  the  preterminal  varies  quite  markedly  in  length,  position 
and  diameter  (Martin  Miledi.  1986),  drawings  were  made  of  the  terminals  in  all 
experiments  in  which  dye-labelled  proteins  were  injected.  The  amplitude  of  the 
postsynaptic  potential  is  plotted  as  a  function  of  time  after  synapsin  I  injection  in 
Fig.  4  for  five  terminals  (including  those  shown  in  Fig.  3)  along  with  Hiagramg 
showing  the  movement  of  the  dye  through  the  terminal  digit.  The  approximate 
position  of  the  active  synaptic  release  zone,  as  determined  by  microscopic 
observation,  is  indicated  in  Fig.  45.  Two  injection  sites  were  at  the  release  zone  ;  one 
was  on  the  proximal  edge,  and  two  were  several  hundred  micrometres  distant  from 
the  proximal  edge  of  the  active  zone.  When  synapsin  I  was  injected  at  the  ceTitre  of 
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the  digit  and  the  diffusion  distance  to  the  release  sites  was  negligible,  the  blockade 
occurred  almost  immediately  (up  to  80%  reduction  within  1  min)  in  most  cases.  In 
such  cases,  presynaptic  tilling  and  complete  blockade  could  occur  in  as  little  as 
3-.)  min.  and  the  time  to  complete  blockade  was  closely  related  to  the  time  taken  to 


A 


Fig.  3.  Comparisons  of  the  time  course  of  PSP  amplitude  and  terminal  loading  with  Tesaa 
Red-labelled  synapsin  I.  as  determined  by  movement  of  the  fluorescent  wavefront.  .4. 
injection  300-400  fim  from  the  proximal  edge  of  the  synaptic  zone.  Note  linear  Ailing  of 
terminal  by  label  (Q).  PSP  amplitude  began  to  decline  exponentially  about  10  min  after 
synapsin  I  injection  (■).  B.  injection  near  the  proximal  edge  of  the  synaptic  zone. 
Movement  of  label  was  initially  linear,  then  slowed  after  5  min  while  it  dii^sed  through 
the  last  third  of  the  terminal  (0).  PSP  amplitude  began  to  decline  immediately  after 
injection,  initially  following  an  exponential  time  course,  then  becoming  more  linear  after 
10  to  15  min  (■). 


fill  the  entire  terminal  as  determined  by  video  analysis.  In  some  cases  the  inhibition 
of  transmitter  release  did  not  begin  for  up  to  2  min  after  the  injection,  even  in  cases 
where  synapsin  I  was  deposited  at  the  centre  of  the  active  zone  region  as.  for 
example,  injection  no.  2  in  Fig.  4.  This  small  delay  might  be  related  to  the  size  of  the 
injections.  Thus,  in  the  case  of  injection  no.  2.  which  was  smaller  than  usual,  diffusion 
to  the  release  zone  may  have  been  prolonged. 
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0-5  1-5  2-5 

Fig.  4.  S^-napsin  I  loading  and  PSP  amplitude.  .4.  plot  of  PSP  amplitude  (as  a  percentage 
of  pre-injection  peak  amplitude)  as  a  function  of  time  for  five  synapsin  I  injections  at 
different  points  along  the  terminal  finger  as  shown  in  B.  Note  progressively  delayed  onset 
and  lower  rate  of  inhibition  when  injection  was  farther  from  the  end  of  the  digit.  B, 
reconstructions  of  terminals  from  video  images  showing  the  progression  of  the  fluorescent 
wavefront  at  times  (in  minutes)  indicated  after  injection.  The  electrode  tip  is  indicated  by 
black  dot.  Note  that  at  <  =  0.  the  volume  of  labelled  synapsin  I  injected  is  indicated  by 
the  size  of  the  region  immediately  surrounding  the  injection  site.  The  location  of  the 
junction  is  indicated  by  the  stippled  pattern  around  the  outside.  The  injection  numbers 
(nos.  1-5)  appear  to  the  left  of  the  reconstructions.  Injections  nos.  1  and  2  were  writhin  the 
active  zone :  no.  3  w  as  near  the  pro.Timal  edge :  and  nos.  4  and  5  were  approximately  200 
and  400  ^m  proximal  to  the  edge,  respectively. 
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When  synapsin  I  was  injected  close  to  the  proximal  border  of  the  active  zone  area 
(injection  no.  3).  inhibition  besjan  within  1-2  min.  but  the  time  required  for  complete 
inhibition  wa.s  longer,  presumably  because  the  protein  had  to  travel  farther  to 
penetrate  the  entire  terminal.  As  seen  in  Fig.  3B.  and  in  Fig.  4  injection  no.  3.  80% 
inhibition  took  10  min  to  occur  in  this  case.  When  synapsin  I  was  injected  several 
hundred  micrometres  from  the  terminal  digit,  a  delay  of  3-10  min  was  seen  between 
injection  and  onset  of  bhx  kade.  In  Fig.  4  injection  no.  5  (300-400  /tm  from  the  active 
zone),  synapsin  I  was  not  detected  at  the  active  zone  until  about  15  min  after 
injection,  while  inhibition  bevan  at  approximately  10  min.  This  temporal  disparity 
may  be  accounted  for  by  differences  in  threshold  for  visual  detection  versus  synaptic 
inhibition,  as  discussed  below. 

Theoretical  model  for  synapsin  I  action  on  synaptic  transmission 

In  order  to  better  understand  the  dynamics  of  terminal  filling  and  PSP  blockade, 
we  developed  a  compartmental  model  for  the  diffusion  of  synapsin  I  into  the 
presynaptic  terminal  in  which  n  equal  dimension  compartments  were  placed  end  to 
end.  and  several  compartments  in  the  centre  were  filled  with  dye  (or  protein)  at  time 
0  it  =  0).  The  riuorescent  dye  was  then  allowed  to  diffuse’  through  the  compartments 
(Fig.  5).  According  to  Fick's  First  Law  of  Diffusion 


where  5  =s  solute  flow  of  the  /th  particle  as  a  function  of  distance  x.D  =  the  diffusion 
coefficient,  and  c  =  concentration,  the  amount  of  dye  diffusing  between  two 
compartments  will  depend  on  the  difference  in  concentration  between  them.  This  is 
equivalent  to  assuming  that  at  each  time  point,  a  fixed  percentage  (‘D’)  of  the  dye 
in  each  compartment  will  move  to  either  of  the  adjacent  compartments.  Here  we 
have  used  a  compartmental  model.  a.ssuming  for  convenience  that  at  each  time  point 
some  percentage  of  the  dye  in  each  compartment,  j,  will  move  into  each  of  the 
adjacent  compartments,  i.e. 

O.f  ~ 

where  ,  is  the  concentration  of  protein  in  compartment  j  at  time  I,  and  D  is  the 
diffusion  coefficient'  of  the  dye  (here  chosen  to  be  0'25). 

The  right-most  compartment  was  closed  to  simulate  the  end  of  the  terminal.  To 
simulate  the  injection  corresponding  to  the  data  shown  in  Fig.  34.  fourteen 
compartments  distal'  to  the  injection  site  at  C,  were  used,  with  C,  and  the  com¬ 
partment  on  either  side  filled  with  1000  units  of  dye  at  time  0. 

Figure  5  shows  the  results  of  this  simulation  for  the  compartments  C„.  where 
«  =  — 14  to  14.  from  ;  =  0  to  f  =  50.  As  the  dye  moves  through  the  terminal,  the 
concentration  in  each  compartment  rises,  but  progressively  more  slowly  with 
distance  as  the  concentration  gradient  decreases  along  the  terminal.  Curve  C,,  is 
closer  to  C,4  than  to  C,2  because  (’,4.  being  the  last  compartment,  only  loses  dye  to 
r,3.  The  initial  time  of  appearance  of  dye  in  each  compartment  is  a  linear  function 
(indicated  by  the  descendiiiir  dashed  line)  since  the  diffusion  rate  at  any  point  is 
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constant  and  independent  of  concentration.  However,  if  there  is  a  detection 
threshold  for  the  fluorescence,  say  1  unit  (01%  of  the  initial  injection:  horizontal 
dashed  line),  then  beginning  with  compartment  C,,  the  diffusion  rate  of  the  dye  will 
appear  to  slow  significantly.  Thus,  between  C.  and  C,4,  the  distances  (times)  between 


Fig.  0.  Compartment  model  of  diffusion  of  synapsin  I  along  interior  of  the  squid  axon.  The 
model  consisted  of  twenty-nine  compartments  (C.,,-C,4;  C.^4-C_J  not  shown).  The  model 
illustrate.*  the  diffusion  of  synapsin  1  with  respect  to  time  in  compartments  C„  (the  centre 
of  the  injection  ’)  to  (the  end  of  the  terminal).  The  ‘synaptic  release  zone'  consisted 
of  compartments  each  of  which  contained  1000  unbound  ‘vesicles.’  A  diffusion 

constant  of  0-33  was  assumed,  with  =  300.  Curves  marked  with  <>  show  the 
concentration  of  synapsin  I  (in  arbitrary  units)  for  compartments  C,  through  C„  as  a 
function  of  time  after  injection.  Horizontal  dashed  line  is  hypothetical  level  for  dye 
detection.  The  dye  detection  threshold  generates  a  delay  in  visual  detection  of  the  dye  in 
compartments  C,-Ci4  due  to  slow  accumulation  of  dye  (•).  •  illustrate  the  theoretical 
decline  of  PSP  amplitude  in  the  presence  of  synapsin  I. 


the  intersections  of  the  horizontal  threshold  line  and  the  concentration-time  curves 
increase.  These  results  are  qualitatively  consistent  with  the  observed  diffusion  rate 
of  labelled  synapsin  I.  particularly  the  apparent  slowing  of  the  diffusion  rate  near  the 
terminal  end  as  in  Fig.  3fi. 

Since  the  model  for  diffusion  of  synapsin  I  appeared  to  describe  correctly  the 
principal  features  of  the  dye  movement,  it  was  then  expanded  in  an  attempt  to  model 
the  effects  of  synapsin  I  on  transmission.  This  model,  based  on  eqns  (2)  to  (5)  below, 
is  based  on  the  following  assumptions,  (a)  The  response  amplitude  (R)  for  a  given 
stimulus  is  proportional  to  the  sum  of  the  vesicles  released  from  all  compartments 
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(eqn  (2)).  (b)  The  number  of  vesicles  released  from  each  compartment  {X^g^}  is 
proportional  to  the  number  of  free  vesicles  in  that  compartment  (A'^p)  (eqn  (3)).  (c) 
The  number  of  free  vesicles  in  a  given  compartment  equals  the  number  in  the  starting 
pool  at  time  0  (Tq)  less  the  number  bound  (X^g)  by  synapsin  I  per  compartment 
(eqn  (4)).  (d)  The  number  of  bound  vesicles  is  proportional  to  the  concentration  of 
active  (dephosphorylated,  D)  synapsin  I  (S°)  in  a  given  compartment  (/)  (eqn  (5)) 
(tj.tj  and  are  constants): 


j 


=  S  A-^r; 

m 

n 

(3) 

Ajp  =  ^ 

(4) 

(5) 

These  equations  reduce  to  eqn  (6) : 

R  =  k,k,  I  Vo-{k,[S°]) 

(6) 

j — rt 


The  diffusion  parameter  D.  the  constant,  (which  presumably  corresponds  to  the 
activity'  of  dephosphorylated  synapsin  I  in  terms  of  vesicle  binding),  the  size  and 
location  of  the  injection  ( 1000  units  of  synapsin  I  injected  into  each  of  compartments 
C_,,  C'n,  and  Cj),  and  the  size  of  the  active  zone  (compartments  C,  through  C^,  each 
containing  1000  vesicles)  were  chosen  to  simulate  the  data  of  injection  no.  4  (Fig.  4). 
For  simplicity,  we  have  assumed  that  the  product  of  the  constants  =  1  in  this 
simulation.  The  constant  was  then  adjusted  to  produce  approximately  90% 
inhibition  at  the  final  time  point.  The  shape  of  this  curve  is  neither  linear  nor 
exponential,  as  shown  by  superimposing  an  exponential  curve  whose  parameters 
were  adjusted  to  match  the  initial  decline  of  the  inhibition  curve.  In  fact,  as 
■  inhibition '  proceeds,  the  curve  becomes  increasingly  linear,  precisely  as  seen  with 
injections  nos.  3.  4  and  possibly  5.  An  important  feature  of  the  model  which 
contributes  to  the  changing  rate  of  inhibition  seen  in  this  curve  is  the  assumption 
that  the  number  of  free  vesicles  cannot  be  less  than  zero  (eqn  (4)).  Thus  when  all 
vesicles  in  a  compartment  are  bound,  it  cannot  contribute  further  to  inhibition. 

Reversibility  of  synapsin  1  reduction  of  neurotransmitter  release 

In  most  experiments  a  rapid  and  profound  block  of  synaptic  transmission  followed 
synapsin  I  injection,  indicating  that  the  release  mechanism  was  totally  overwhelmed. 
It  was  assumed  that  injection  of  a  smaller  amount  of  synapsin  I  might  allow  a 
recovery  of  synaptic  transmission.  This  experiment  would  also  serve  as  a  test  for  any 
possible  deleterious  effects  of  the  synapsin  I  injections  on  transmitter  release  per  se. 

As  illustrated  in  Fig.  6.  recovery  of  transmitter  release  was  observed  when  a 
smaller  amount  of  synapsin  I  was  injected  in  a  synapse  which  remained  in  excellent 
condition  for  90  min  after  the  injection.  The  pre-injection  responses  for  a  set  of 
depolarization  steps  are  shown  in  Fig.  6.4  and  B.  Similar  sets  of  presynaptic  pulses 
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were  jjenerated  12.  2o  and  To  min  later.  In  each  case  the  corresponding  presynaptic 
calcium  currents  (Fig.  H.d)  were  comparable  to  the  controls.  The  postsynaptic 
responses,  which  were  markedly  reduced  at  12  and  25  min.  recovered  to  nearly 
normal  levels  by  75  min.  The  plot  of  peak  PSP  amplitudes  for  each  stimulus  level  as 
a  function  of  time  after  injection  (Fig.  6B)  showed  that  recovery  began  between  12 
and  25  min  after  the  injections. 


A  Control 


Synapsin  I  (25  min)  Synapsin  I  (75  min) 


40  mV  I 
100  nA  I 


Stimulus  amplitude  (mV) 


Fig.  6.  Reversibility  of  synapsin  I  inhibition  of  neurotransmitter  release.  A.  time  course 
of  recoverv-  of  transmission  after  synapsin  I  injection.  Four  presjmaptic  voltage-clamp 
steps  (upper)  were  delivered  at  each  time  interval  which  resulted  in  a  graded  series  of  Ca** 
current  (middle)  and  PSP  (lower)  responses.  Postsynaptic  responses  were  strongly 
depressed  at  25  min  compared  to  pre-injection  responses,  while  presynaptic  Cs**  current 
was  unaffected.  PSP  amplitudes  recovered  to  near-normal  levels  by  75  min.  B.  plot  of 
peak  PSP  values  as  a  function  of  voltage-step  a.  iplitude  showing  maximum  inhibition  at 
about  12  min.  ■.  0  min;  O-  12  min;  •.  25  min;  □,  75  min. 


Injection  of  phosphorylated  synapsin  I  into  the  presynaptic  terminal 

Further  e.xperiments  were  designed  to  test  the  effect  of  phosphorylation  of  the 
various  sites  of  synapsin  I  on  its  ability  to  affect  transmission.  Samples  of  phospho- 
synapsin  I  (in  which  only  the  head  region  or  only  the  tail  region,  or  both,  were 
phosphorylated)  were  prepared  and  injected  into  a  number  of  sjTiapses  (see  Table  1). 

Two  examples  of  results  from  each  type  of  injection  are  shown  in  Fig.  7.  In  the 
cases  of  synapsin  I  phosphorylated  in  the  head  and  tail  regions  (head-tail- 
phosphorylated  synapsin  I;  Fig.  7.4).  or  synapsin  I  phosphorylated  only  in  the  tail 
region  (tail-phosphorvlated  synapsin  I;  Fig.  IB),  the  injection  had  no  effect  on 
.synaptic  transmission.  The  slight  increase  after  the  injection  and  gradual  reduction 


.S’i'X4P.S7.V  I  IX  TRAXSMITTER  RELEASE 


271 


of  the  synaptic  response  in  the  case  of  one  tail-phosphorylated  synapsin  I  injection 
(upper  curve.  Fig.  ~ B)  was  similar  to  responses  seen  in  some  control  experiments 
where  either  avidin  or  heat-treated  synapsin  I  was  injected  (see  below).  In  contrast, 
transmission  was  inhibited  by  .synapsin  I  phosphorylated  only  in  the  head  region 
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Fig.  7.  Results  of  presynaptic  injection  of  various  phosphorylated  forms  of  synapsin  I. 
Two  experiments  are  shown  for  each  tvpe  of  injection.  Note  that  head  and  tail 
phosphorylation  (.4)  or  tail-only  phosphorylation  {B)  of  synapsin  I  prevented  inhibition, 
while  head  phosphorylation  (C)  did  not.  D.  injection  of  ‘mock’  phospho-synapsin  I 
(prepared  as  head-tail- phosphorylated  synapsin  I  except  for  the  omission  of  ATP  from 
the  phosphortiation  reaction)  blocked  transmission.  Injections  of  heat-treated  synapsin 
I  (£■)  or  avidin  (F)  did  not  affect  transmitter  release.  Data  are  plotted  as  a  percentage  of 
pre-injection  PSP  amplitude. 


(head-phosphorylated  synapsin  I ;  Fig.  7 C).  Note  that  there  was  some  recovery  from 
inhibition  in  the  case  of  one  of  the  head-phosphorylated  synapsin  I  injections, 
indicating  a  reversible  action  as  shown  for  dephosphorylated  synapsin  I  in  Fig.  6.  In 
all  of  the  cases  illustrated  in  Fig.  7.  the  /ca  was  unchanged  by  the  protein  injection 
(not  shown). 

Since  the  ineffectiveness  of  some  of  the  phosphorylated  forms  of  synapsin  I  could 
have  been  due  to  inactivation  of  the  protein  during  the  phosphorjdation  reaction,  it 
was  felt  that  an  additional  control  for  the  negative  results  with  the  phosphorylated 
forms  of  synapsin  I  was  required.  For  this  reason,  ‘mock’  phospho-synapsin  I  was 
prepared  (see  Methods)  in  which  both  enzymes  necessary  for  phosphoiydating  both 
the  head  and  tail  regions  were  present,  but  ATP  was  omitted  to  prevent  actual 
phosphorylation.  In  this  case,  inhibition  of  transmission  was  observed  exactly  as 
seen  with  conventionally  prepared  synapsin  I  (Fig.  ID). 

In  summary,  the  results  of  injections  of  the  phosphorylated  forms  of  synapsin  I 
confirmed  our  initial  findings  that  phosphorylation  of  the  tail  region  of  synapsin  I 
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abolishes  its  ability  to  block  synaptic  release  (Llinas  et  al.  1985).  Phosphorylation  of 
the  head  rejiion  does  not  intiiience  the  inhibitory  ability  of  .synapsin  I.  nor  does  it 
reverse  the  effect  of  tail  phosphorylation. 


Injections  oj  heat -t rented  stfuftpsin  I  and  of  avidin 

It  was  previously  <letermined  that  heating  the  synapsin  I  molecule  abolishes  it.s 
ability  to  block  .synaptic  transmission  (Llinas  et  at.  1985).  E.xamples  of  two  such 
injections  arc  shown  in  Fig.  IE.  As  an  additional  control  for  certain  physical 
properties  of  svnapsin  I.  Texas  Red-labelled  avidin  was  injected.  Avidin  is  a  protein 
which  has  a  -ize  (M^  =  ffSiMjO)  and  pi  (lO-ff)  similar  to  those  of  synapsin  I.  These 
c.xperiments  were  performed  in  a  manner  similar  to  those  described  for  synapsin  I. 
The  postsynaptic  respon.se  as  a  function  of  time  after  two  avidin  injection 
e.xperiments  is  shown  in  Fig.  ~ F.  which  indicates  little  or  no  effect  on  transmission. 
The  relationship  between  the  postsynaptic  response  and  the  diffusion  of  avidin  as 
reconstructed  from  virleo  analysis  for  one  of  these  injections  is  shown  in  Fig.  8.  The 
diffusion  rate  was  similar  to  that  of  .synapsin  I.  ranging  between  23  and  54 //m  min’* 
(mean  +  s.D.  =  39  ±  12 :  «  =  4).  Avidin  had  no  effect  on  transmitter  release  even  when 
monitored  up  to  30  min  after  injection,  at  which  time  the  ffuorescence  was  relatively 
evenly  distributed  throughout  the  terminal.  Note  in  the  experiment  illustrated  in 
Fig.  SC  that  the  diffusion  rate  for  avidin  is  nearly  constant  along  the  entire  length 
of  the  terminal. 

f  ilM  kinase  II  and  transmitter  release 
Injection  of  CaM  kinase  II 

The  previous  set  of  experiments  indicated  that  synapsin  I  in  its  dephosphorylated 
form  blocked  synaptic  transmission  while  tail-phosphorvlated  synapsin  I  had  no 
effect.  Further  studies  were  designed  to  test  the  hypothesis  that  CaM  kinase  II  acts 
to  modulate  the  synapsin  I-dependent  binding  of  synaptic  vesicles  to  the  intracellular 
matrix.  If  the  enzyme  di.s.sociates  vesicles  from  their  attachments  by  phosphorylating 
an  endogenou,-;  synapsin  I-likc  molecule,  increasing  the  endogenous  CaM  kinase  II 
normallv  present  in  the  terminal  should  increase  transmitter  release.  In  our 
preliminary  study  in  the  squid  synapse,  the  injection  of  CaM  kinase  II  markedly 
facilitated  transmitter  release  without  significantly  modulating  the  presynaptic 
Ca**  current  in  each  of  three  experiments  (Llinas  et  al.  1985).  The  diffusion  rate 
of  CaM  kinase  II  was  not  directly  assessed  because  labelling  with  any  of  the  usual 
dyes  was  found  to  interfere  with  its  solubility  and/or  ability  to  phosphorydate 
synapsin  I. 

In  the  present  study  injection  of  of  CaM  kinase  II  was  followed  by  facilitation  of 
transmitter  release  in  ail  but  one  experiment.  In  eight  out  of  nine  experiments, 
transmitter  release  was  facilitated  after  the  injection  of  CaM  kinase  II  as  shown  for 
one  synapse  in  Fig.  9.  Blockage  of  transmission  was  seen  in  one  experiment,  although 
there  was  no  obvious  damage  to  the  synapse.  In  five  experiments  which  were 
analysed  quantitatively,  the  mean  per  cent  facilitation  was  409+157%.  The 
maximal  facilitation  usually  occurred  between  10  and  20  min  after  injection. 
Presynaptic  voltage  steps  of  different  amplitudes  were  applied  to  the  presynaptic 
terminal  while  employing  a  double  voltage  clamp  to  determine  and  postsynaptic 
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lurront  (/pos,)-  The  double  voltatje  clamp  was  preferable  in  order  to  prevent  the 
postsynaptic  potential  from  reachinji  the  INp  reversal  potential  during  facilitation 
by  Ca.M  kinase  II.  which  would  result  in  response  saturation. 

A  double  voltage-clamp  experiment  showing  facilitation  following  CaM  kinase  II 
in  jection  is  illustrated  in  Fisr.  !>.  The  time  course  and  amplitude  of/po^,  (post-injection 
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Fig.  8.  Effect  of  injection  of  Texas  Red-labelled  avidin  on  synaptic  transmission.  A. 
diffusion  ol  dye  along  synaptic  digit  as  a  function  of  time  (numbers  above  drawing;  in 
minutes),  as  determined  by  enhanced  image  from  the  video  monitor.  Black  dot  marks 
electrode  tip;  immediately  surrounding  stippled  area  is  volume  filled  after  initial 
injection.  B.  PSPs  between  0  and  10  min  following  avidin  injection  showing  this  protein 
had  a  minimal  effect  on  the  PSP.  plot  of  diffusion  distance  and  PSP  amplitude  as  a 
function  of  time  showing  linear  avidin  diffusion  rate  and  minimal  effect  on  transmission. 

current)  for  three  different  times  and  levels  of  presynaptic  depolarization  are  shown. 
Following  CaM  kinase  II  injection,  the  PSP  was  facilitated  as  early  as  2  min  post¬ 
injection.  and  increased  in  amplitude  by  over  600%.  This  facilitation  was  associated 
with  a  corresponding  increase  in  the  rate  of  rise  in  /pp^,  for  a  given  level  of  In  Fig. 
9C.  the  postsynaptic  current  increased  to  the  point  of  saturation,  as  evidenced  by  the 
flattened  top  of  the  response.  Note  that,  in  this  experiment,  the  amplitude  onset 
kinetics  (Llinas  ft  al.  1981  o.  6)  and  the  tail  component  of  the  macroscopic  inward 
calcium  current  were  not  modified  by  CaM  kinase  II.  Moreover,  these  currents  were 
similar  to  those  previously  reported  in  the  absence  of  CaM  kinase  II  (Llinas  et  al. 
1981a.  1982;  Augustine  ft  al.  198o).  Figure  10  illustrates  the  relative  enhancement 
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of  the  PSF  and  PSI  following  CaM  kinase  II  injection  for  four  experiments.  The 
actual  ranges  of  PSP  and  PSl  am|)litudes  for  each  experiment  are  noted  at  the  right. 
Data  from  three  exp<‘riments  overlap,  while  one  .synapse  had  a  more  delayed  and 
slower  rising  facilitation.  Exponential  <  urves  were  then  empirically  fitted  to  this 
range  of  data  (thin  continuous  lines). 


3  ms 


Fig.  9.  Reoordinns  .-ihow  iny  time  course  of  facilitation  of  synaptic  transmission  after  CaM 
kina.se  FI  injection  into  the  presynaptic  dieit.  .4.  B  and  C:  postsynaptic  currents  (upper 
traces!  in  response  to  2.').  30  and  3.5  mC  presynaptic  voltage-clamp  steps  (lower  traces). 
Res()onses  to  each  >tet)  were  recorded  before  and  at  the  three  times  after  the  injection 
noted  in  B.  Note  that  /. ,  (middle  traces)  at  each  stimulus  level  was  constant  over  time. 
.\t  the  highest  stimulus  level  (C).  postsMiaptic  response  saturation  occurred  at  24  min. 


Theoretical  model  for  <  'lM  kinase  II  action  on  synaptic  transmission 

If  the  hypothesis  is  correct  that  CaM  kinase  II  acts  on  neurotransmitter  release  by 
regulating  the  phosphorylation  state  of  synapsin  I.  then  the  model  of  vesicle  release 
presented  above  should  also  apply  to  the  facilitation  produced  by  CaM  kinase  II.  In 
particular,  can  be  considered  to  be  related  to  the  degree  of  phosphorylation 
and  inactivation  of  synapsin  I  by  CaM  kinase  II.  Starting  with  eqn  (6)  above, 
we  may  assume  that  the  ratio  of  the  concentrations  of  the  phosphorylated  to 
dephosphorylated  synapsin  I  ([S*’]/[S°])  is  directly  proportional  to  the  concentration 
of  CaM  kinase  II  ([CK]).  i.e. 


[|^  =  i-4[CK],  (7) 

where  k^  is  a  constant.  Equation  (6)  can  then  be  rewritten  with  respect  to  the 
individual  compartments  {j) : 


R  =  k,k,  Z 

i — n 


”  l  +  i-4[CK]/ 


(8) 


where  [S^]^  is  the  total  phosphorylated  plus  dephosphorylated  synapsin  I  in  each 
compartment. 

To  simulate  an  injection  of  CaM  kinase  II.  eqn  (1)  was  used  to  model  diffusion  of 
CaM  kinase  II  through  the  terminal,  with  S^  set  to  a  constant  value  in  each 
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compartmt'nt.  The  parameters  ot  the  model  (erjn  (8))  were  then  adjusted  to  produce 
a  curve  which  tell  roiiirhly  in  the  ventre  of  the  ran>fe  of  exfjerimental  data.  These 
values  are  shown  as  a  thick  line  in  Fig.  10.  The  s[)eeiHc  parameter  values  were: 
=  k\=  1.  =  10(HM».  l,-^=  I.  and  k■^  =  ()()()02.  The  value  of  [CK]  was  set  to 


Fig.  to.  The  time  course  of  synaptic  facilitation  by  CaM  kinase  II  in  four  experiments 
(absolute  scales  shown  at  right).  Two  empirically  determined  exponential  curves  (thin 
continuous  lines)  which  enclose  the  entire  data  range  were  calculated.  Parameters  for  the 
theoretical  facilitation  miMlel  were  adjusted  so  the  resulting  inhibition  curve  would  fall  in 
the  centre  of  the  data  range  (thick  stippled  line). 

5  units  except  for  compartments  (’_j  through  Cj  which  were  'filled'  with  1000  units. 
The  active  zone  was  modelled  as  extending  from  compartments  C,  through  C,*;  these 
compartments  were  each  filled  with  10*  vesicles  at  time  0  (f9=  10*).  This  model 
produced  an  exponential  rate  of  facilitation  very  similar  to  that  observed 
experimentally.  As  was  the  i-ase  with  the  synapsin  I  inhibition  model,  however,  this 
curve  was  affected  by  the  extent  to  which  response  facilitation  was  allowed.  Thus  it 
was  assumed  that  a  finite  number  of  vesicles  in  the  pre-terminal  can  be  made  available 
for  release:  i.e.  the  size  of  the  releasable'  pool  is  limited.  (The  same  effect  would  be 
achieved  if  the  rate  of  vesicle  release  during  depolarization  is  limited.) 

Analysis  nf  maximum  rate  of  rise  of  postsynaptic  response 

If  synapsin  I  and  CaM  kinase  II  affect  synaptic  transmission  by  modulating  the 
number  of  vesicles  available  for  release-without  modifying  the  dynamics  of  the 
release  process  per  se.  one  would  not  expect  the  rate  of  vesicle  release  to  change  as  a 
function  of  time.  In  fact,  it  would  be  expected  that  the  effect  of  CaM  kinase  II  on  the 
probability  of  release  {R)  would  be  independent  of  time.  i.e.  it  would  not  affect  the 
kinetics  of  transmitter  relea.se  (.V)  (Katz.  1968).  If  this  were  the  case,  the  amplitude 
of  the  PSP  would  increase,  while  the  shape  of  the  waveform  would  remain  constant. 

In  order  to  tletermine  whether  .synapsin  I  and  CaM  kinase  II  altered  the  release 
kinetics,  the  maximum  rate  of  rise  (MRR)  of  the  postsynaptic  response  and  the  peak 
amplitude  wore  detcrminefl  for  each  response.  The  normalized  maximum  rate 
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I’Tt) 

of  risi*  lX.MRR)  was  then  l  alciilated  tor  each  response  as  Note  that  if 

two  waveforms  are  scalar  inultipl'-s  of  each  other,  then  their  XMRR  values  should 
l)e  e(jnal.  In  two  typical  unmjeeted  synapses,  postsynaptic  currents  were  measured 
in  resf)on.se  to  stimulus  f>ul.ses  l)etwt*en  l’.)  and  40  mV  and  the  X'MRR  values 
cal(  ulated.  The  stimulus  -eries  wert'  repeated  twice  in  one  and  three  times  in 


T  vBt.K  1*  .^l^-an  I'.irmalizcil  tiiaxiiiial  rate  of  rise  (XMRR)  values  )  ±s.d.)  for  experimental 
'iil)i;ri)ii|>s  in  uIik-Ii  voltaite  or  current  was  recorded 

Voltaiie  reconlinit  Current  recording 

.■synapsin  I  Ca.M  kina.se  II  Synapsin  1  CaM  kinase  II 


Time  (mini  o  .*>♦)  o  14-.5  0  19‘4  0  29-667 

XMRR  os2.‘)±  o-722r  o-;t2n+  0-400+  0-629±  0630  +  0-841+  (+700± 

U-3S7  02S6  0(»37  ttl30  0-075  0057  0258  0076 

.V  1 1  2  5  3 

I  1663  -1  212  -0-050  t  ’53 

P  0  127  0  439  0957  0337 

•Mean  times  nf  post-iniection  recordings  are  as  noted.  Paired  t  test  values  for  within-group 
compari.sons  and  P  .-cores  are  shown.  Xo  within-group  mean  differences  were  signiticant. 


the  other  synapse.  The  mean  XMRR  values  at  each  stimulus  amplitude  for  the 
live  stimuli  series  was  t-ah  ulated  and  plotted  against  stimulus  amplitude.  A 
linear  regression  coefficient  of  R-  >  0-95  was  found  with  a  slope  of 
—  o  l  X  I0‘*  m\’  ms  '  mV"'.  XMRR  values  for  the  same  stimulus  amplitude  were 
quite  close  in  successive  stimulus  runs,  although  the  mean  XMRR  was  significantly 
different  for  the  two  synap.ses  (0-015  ms"'  and  0-030  ms"'  at  30  mV  respectively). 

A  similar  analysis  of  X.MRR  was  carried  out  for  synapsin  I  and  CaM  kinase  II 
injection  e.xperiments.  For  each  experiment,  the  XMRR  was  calculated  for  a  time 
immediately  [ire-injection  and  again  at  a  point  15-30  min  later  after  significant 
inhibition  or  la<  ilitation  had  occurred.  Since  the  shapes  of  the  postsynaptic  response 
waveforms  differed  depending  on  whether  postsynaptic  voltage  or  current  was  being 
measured,  they  were  analy.sed  separately.  The  results  of  XMRR  analysis  for  sixteen 
synapsin  I  and  five  CaM  kinase  II  experiments  are  shown  in  Table  2.  in  which  the 
means  of  the  pre-  and  fiost -inject ion  response  amplitudes  are  given  along  with  the 
mean  post -injection  measurement  times.  Xote  that  for  CaM  kinase  II.  the  mean 
facilitation  is  only  2(K>-3(K)"o  due  to  elimination  of  some  of  the  largest  responses  in 
which  saturation  occurred.  Within  each  of  the  four  experimental  subgroups  (synapsin 
I  or  CaM  kinase  II)  x  (voltage  or  current)),  the  mean  values  were  not  significantly 
different  (P  >  ri-l.  paired  t  test). 

All  experiments  in  which  postsynaptic  voltage  was  measured  were  then  compared 
using  an  unpaired  t  test,  and  similarly,  comparisons  were  made  between  all  groups 
in  which  current  was  measured.  In  neither  case  were  any  significant  differences  found 
(P  >  0-1).  Xote  that  although  the  mean  for  the  synapsin  I  voltage  measurements  is 
considerably  larger  than  that  for  CaM  kinase  II.  the  latter  is  based  on  only  two 
experiments.  Finally,  linear  correlation  analysis  of  XMRR  was  performed  in  several 
experiments  in  which  multiple  time  points  were  measured  (cf.  Figs  3  and  10).  In  no 


SYXAFSIX  [  IX  TRAXSMITTER  RELEASE 


277 

(asc  was  a  sij/niticant  lorrolatioii  between  XMRR  and  time  post- injection  found. 
These  results  indi(  at«‘  that  the  kinetics  of  vesicle  release  were  unaffected  by  synapsin 
I  or  CaM  kinase  II.  On  the  basis  of  these  data,  we  conclude  that  during  the  time 
course  of  a  given  postsynaptic  response,  the  probability  of  release  was  modified 
uniformly  by  synapsin  I  and  by  CaM  kinase  II. 


Di.scrs.siox 

The  major  findings  of  these  experiments  are  as  follows :  ( 1 )  the  degree  of  inhibition 
of  transmitter  relea.se  by  dephos[)horylated  synapsin  I  is  well  correlated  with  the 
degree  of  invasion  of  the  protein  along  the  length  of  the  presynaptic  terminal.  (2) 
Tail-phosphorylated  synapsin  I  and  heat-treated  synapsin  I  have  no  effect  on 
release.  (3)  Inhibition  by  dephosphorvlated  .synapsin  I  is  reversible.  (4)  CaM  kinase 
II  facilitates  synaptic  release,  (a)  The  shape  of  the  postsynaptic  response  waveform 
is  not  affected  by  cither  synapsin  I  or  CaM  kinase  II  over  the  duration  of  the 
response.  We  conclude  from  these  data  that  the  dynamics  of  synaptic  transmission, 
specifically  the  number  of  vesicles  available  for  release,  are  probably  regulated  by  the 
ratio  of  tail-phosphorylated  to  dephosphorvlated  synapsin  I  which  is  determined 
enzymatically  by  CaM  kina.se  II. 

Synapsin  I 

The  experiments  involving  injection  of  phosphorylated  and  dephosphorylated 
synapsin  I  showed  that  the  rates  of  blockade  of  synaptic  transmission  were  highly 
correlated  with;  (a)  the  state  of  phosphorylation  of  the  protein,  (b)  the  site  of 
injection  and  (c)  the  rate  of  movement  of  the  protein  through  the  terminal.  When  the 
protein  injections  were  large  enough  to  fill  rapidly  most  of  the  active  release  zone,  the 
times  to  on.set  of  blockade  were  short.  Conversely,  when  synapsin  I  was  injected  far 
from  the  relea.se  site,  the  on.set  of  the  block  was  delayed.  These  data  suggest  that 
synapsin  I  acts  specifically  at  the  active  zones  to  affect  release. 

The  injection  procedures  per  se  did  not  appear  to  interl'ere  with  any  aspect  of 
synaptic  transmitter  release,  including  the  availability  of  transmitter  or  the  calcium 
current.  Rather,  three  sets  of  experiments  suggest  that  the  effect  of  synapsin  I  on 
transmitter  release  is  specific  and  dependent  on  the  structure  of  this  molecule.  First, 
injections  of  synapsin  I  in  which  the  tail  only  or  both  the  head  and  tail  were 
phosphorylated  had  no  effect  on  release.  Second,  injection  of  heat-treated  synapsin 
I  also  failed  to  affect  release.  Third,  injection  of  avidin,  a  basic  protein  similar  in  size 
and  pi  to  synapsin  I  did  not  alter  synaptic  transmission.  In  all  these  experiments,  the 
injected  proteins  completely  filled  the  presynaptic  terminal.  Therefore  it  is  necessary 
for  the  tail  site  of  synapsin  I  to  be  in  the  dephosphorylated  state  for  it  to  block 
transmitter  release. 

As  an  additional  test  of  the  ability  of  synapsin  I  to  bind  to  intracellular  elements 
and  inhibit  vesicle  movement,  phosphorylated  or  dephosphoiydated  synapsin  I  was 
introduced  into  extruded  .srjuid  axoplasm  and  the  effect  on  the  movement  of 
subcellular  organelles  monitored  by  video-enhanced  microscopy  (McGuinness. 
Brady.  Gruner.  Sugimori.  Llinas  &  Greengard.  1987 :  McGuinness  et  al.  1989). 
Following  the  injection  of  dephosj)horylated  synapsin  I.  both  orthograde  and 
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anterograde  How  were  sisiniticantly  reduced.  Injection  of  synapsin  1  phosphorvlated 
only  at  the  heatl  |)artially  inhibited  organelle  movenient.  and  svnapsin  I 
pho.sphorvlatefl  only  at  the  tail  lacked  any  inhibitory  effect.  Injected  CaM  kinase  II. 
in  the  presence  of  calcium  and  calmodulin,  prevented  the  inhibitor\’  effect  of 
.synapsin  I.  Dephosphorylated  synapsin  I  does  not  appear  to  directly  inhibit  the 
transport  mechanism  sub.'crving  organelle  movement,  since  the  organelle  movement 
along  microtubules  at  the  edges  of  the  a.voplasm  (where  the  cytoskeletal  structure 
was  sparse)  was  unmodified  by  synapsin  I  (McGuinness  t-t  al.  1989).  These  data  are 
consistent  with  the  hy|)othesis  that  synapsin  I  immobilizes  or  restrains  vesicles 
and/or  other  organelles  by  cro.ss-linking  them  to  cytoskeletal  elements  and  that  this 
cross-linking  can  be  modulated  by  CaM  kinase  II. 


CaM  kinu-'if.  II 

CaM  kinase  II  is  capable  of  increasing  transmitter  release  by  up  to  sevenfold  (Figs 
9  and  lb),  which  indicates  that  it  plays  a  decisive  role  in  the  release  process.  At  this 
time  we  cannot  e.xelude  the  possibility  that  CaM  kinase  II  has  some  minor  effect  on 
the  calcium  channel.  However,  the  results  obtained  would  require  an  approximately 
o0%  increase  in  calcium  entry  even  if  a  fourth-order  relationship  between  and 
transmitter  relea.se  is  a.ssumed.  This  is  totally  inconsistent  with  the  present  data, 
which  shows  no  detectable  change  in  within  the  limits  of  a  measurement  error  of 
<.j%. 

In  the  present  experiments,  we  observed  an  increase  in  the  maximum  rate  of  rise 
(MRR)  of  the  postsynaptic  response  following  CaM  kinase  II  injections,  confirming 
earlier  findings  ( Llinas  et  al.  1985).  Here  we  investigated  the  MRR  in  more  detail  to 
determine  if  the  shape  of  the  response  (which  is  dependent  on  vesicle  release  kinetics) 
also  changed  following  presynaptic  protein  injections.  The  rationale  for  this  analysis 
is  as  follows.  The  variable  Xjf^  (eqn  (2)),  which  represents  the  number  of  vesicles 
released  from  a  given  compartment  in  response  to  a  given  depolarization,  may  be 
represented  more  explicitly  as  a  function  of  time  from  the  onset  of  the  stimulus;  i.e. 
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where  P{t)  represents  the  probability  that  a  given  vesicle  will  be  released  as  a 
function  of  time  after  depolarization,  and  yV  would  be  proportional  to  the  number 
of  vesicles  available  for  release  (Katz.  1968).  Thus,  doubling  the  number  of  available 
vesicles  should,  at  least  within  certain  limits,  double  the  amplitude  of  the  response. 
If  P{t)  is  unchanged,  then  the  shape  of  the  waveform  should  remain  constant, 
depending  only  on  X.  In  that  case.  then,  the  rate  of  change  of  response  amplitude  at 
any  point  on  the  curve  should  be  proportional  to  the  peak  amplitude,  and  therefore 
the  maximal  rate  of  rise  divided  by  the  peak  amplitude  (XMRR)  should  be  constant. 
This  was  in  fact  found  when  all  successful  injections  of  synapsin  I  or  CaM  kinase  II 
were  analysed  either  by  <  ()mparing  across  experiments  before  and  after  injection,  or 
within  experiments  as  a  function  of  time  after  injection.  We  conclude  that  these 
proteins  do  not  alter  dynamic  aspects  of  vesicle  release  such  as  the  duration  of 
opening  of  ion  channels  or  the  rate  of  vesicle  e.xocytosis.  The  most  plausible 
mechanism,  as  initially  suggested  in  a  previous  paper  (Llinas  et  al.  1985)  and 
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•supported  by  in  vitro  studies  (of.  (Jreengard  d  al.  1987),  is  that  CaM  kinase  II  acts 
to  increase  availability  of  synaptic  vesicles  by  phosphorylating  synapsin  I.  The 
ability  of  CaM  kinase  II  to  increase  transmitter  release  from  presynaptic  terminals 
has  recently  been  confirmed  using  rat  brain  synaptosomes  (Nichols,  Wu,  Haycock  & 
Greengard,  1989). 

Model  oj  preterminal  protein  diffusion,  and  of  synaptic  transmitter  modulation  by 
presynaptic  protein  injection 

The  simulations  of  post.synaptic  inhibition  and  facilitation  presented  above  were 
designed  as  a  heuristic  tool  to  test  whether  the  observed  rates  of  PSP  inhibition  and 
facilitation  could  be  predicted  by  a  unified  model  of  vesicle  release  in  which  the 
amplitude  of  a  PSP  is  dependent  on  phosphorylation  of  synapsin  I  by  CaM  kinase  II. 
The  data  were,  in  fact,  highly  consistent  with  the  model  of  release  described  by  eqns 
(1)  to  (7)  above.  The  compartmental  model  correctly  describes  the  time  courses  of 
both  inhibition  by  synapsin  I  and  facilitation  by  CaM  kinase  II  (eqns  (7)  and  (8)).  In 
both  cases,  limits  on  the  number  of  vesicles  available  for  release  were  included,  and 
not  found  to  affect  the  shape  of  the  curves. 

General  hypothesis  relating  synapsin  I  to  transmitter  release :  facilitation  of 
transmitter  release  by  calcium-dependent  mobilization  of  synaptic  vesicles 

The  ubiquitous  nature  of  synapsin  I  in  presynaptic  terminals  (DeCamilli  et  at. 
1983),  and  the  fact  that  its  injection  at  the  release  site  is  capable  of  modulating 
transmitter  release,  raises  the  question  of  the  mechanism  by  which  synapsin  I  affects 
release.  While  we  cannot  exclude  the  possibility  that  synapsin  I  might  be  an  integral 
part  of  the  machinery  for  transmitter  release  itself,  several  facts  argue  against  this 
view.  First,  if  phosphorylated  synapsin  I  were  to  directly  promote  vesicle  release,  one 
would  expect  that  its  injection  would  produce,  following  calcium  entry,  a  continuous 
transmitter  release  leading  to  vesicle  depletion  and  transmission  failure.  This  was 
never  observed.  Furthermore,  recent  experiments  failed  to  find  any  increase  in 
miniature  endplate  potential  frequency  following  such  injections  (Llinas,  Sugimori. 
Lin,  McGuinness  &  Greengard,  1988;  Lin,  Sugimori,  Llinas,  McGuinness  & 
Greengard.  1990). 

Another  argument  against  synapsin  I  being  a  direct  transmitter-release  agent 
involves  the  time  course  of  phosphorylation  by  CaM  kinase  II  following  calcium 
entry.  The  onset  of  transmitter  release  in  the  squid  giant  synapse  begins  as  soon  as 
180  ps  following  calcium  entry  (Llinas  et  al.  19816;  Llinas  et  al.  1982)  and  peaks  at 
about  1  ms.  In  contrast,  the  turnover  rate  for  phosphorylation  of  synapsin  I  by  CaM 
kinase  II,  calculated  from  data  in  McGuinness  et  al.  (1985),  is  approximately  17  ms. 
It  is  thus  difficult  to  see  how  this  relatively  slow  phosphorylation  reaction  could 
produce  the  time  course  associated  with  a  PSP.  which  is  over  within  a  few 
milliseconds. 

Since  synapsin  I  does  not  appear  to  be  directly  involved  in  vesicular  release,  we 
propose  instead  that  it  regulates  the  availability  of  vesicles  for  release.  The 
biochemical  and  physiological  studies  noted  above  indicate  that  synapsin  I  restrains 
vesicles,  probably  close  to  the  presynaptic  release  site,  so  that  they  cannot  be 
released  during  depolarization.  Calcium  entry  would  thus  trigger  two  events.  First. 
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'vnaptic  vesicles  would  he  released,  possibly  by  direct  electrostatic  shielding  of 
ncirative  eharecs  by  calcium  or  s(»me  other  intermediate  step.  Second,  a  delaved 
ctfect  iiulependent  of  the  ndcase  me<  hanistn  would  occur  after  calcium  had  moved 
beyond  the  rclea.se  site,  by  increasintr  the  number  of  releasable  vesicles  following 
phosphorylation  of  synapsin  I  via  activation  of  Ca.M  kinase  II.  Physiological 
measurements  indicate  that  the  resting  calcium  conductance  may  have  a  powerful 
crtt'ct  on  the  number  of  vesicles  availal)le  at  a  viven  time  (Simon.  Sugimori  &  Llinas. 
1!(S4;  Simon  li’  Llimis.  l'.(.S.l).  [nd*‘ed.  resting  calcium  inHu.x  near  the  active  zones 
may  establish  a  steaily-state  level  of  phos|)horylated  synapsin  I  for  regulation  of 
vesicle  availability  close  to  the  rcU'a.se  site.  The  occurrence  of  an  action  potential 
would  then  incrca.se  the  number  of  readily  releasable  vesicles  by  increasing  the  local 
calcium  <'oncentration  and  enhancing  synapsin  I  phosphorylation.  Such  facilitation 
may  underlie  what  has  been  considered  to  be  calcium-deiJendent  facilitation.  This 
hypothesis  is  particularly  attractive  in  the  case  of  the  squid  giant  synapse,  as  the 
large  diameter  of  the  preterminal  would  make  it  difficult  to  accumulate  Ca*^  at  the 
active  zone. 


Thi.s  research  was  sii[)|)i>rteil  l»v  (want  .XFOSR8.50368  from  the  Tnited  States  Air  Force  (R.L.) 
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Synapsin  I,  a  neuron-specific,  synaptic  vesicle-associated 
phosphoprotein,  is  thought  to  play  an  important  role  in  syn¬ 
aptic  vesicle  function.  Recent  microinjection  studies  have 
shown  that  synapsin  I  inhibits  neurotransmitter  release  at 
the  squid  giant  synapse  and  that  the  inhibitory  effect  is  abol¬ 
ished  by  phosphorylation  of  the  synapsin  I  molecule  (Liinas 
et  al.,  1985).  We  have  considered  the  possibility  that  syn¬ 
apsin  I  might  modulate  release  by  regulating  the  ability  of 
synaptic  vesicles  to  move  to,  or  fuse  with,  the  plasma  mem¬ 
brane.  Since  it  is  not  yet  possible  to  examine  these  mech¬ 
anisms  in  the  intact  nerve  terminal,  we  have  used  video- 
enhanced  microscopy  to  study  synaptic  vesicle  mobility  in 
axoplasm  extruded  from  the  squid  giant  axon.  We  report 
here  that  the  dephosphorylated  form  of  synapsin  I  inhibits 
organelle  movement  along  microtubules  within  the  interior 
of  extruded  axopiasm  and  that  phosphorylation  of  synapsin 
I  on  sites  2  and  3  by  calcium/calmodulin-dependent  protein 
kinase  II  removes  this  inhibitory  effect.  Phosphorylation  of 
synapsin  I  on  site  1  by  the  catalytic  subunit  of  cAMP-de- 
pendent  protein  kinase  only  partially  reduces  the  inhibitory 
effect  In  contrast  to  the  inhibition  of  movement  along  mi¬ 
crotubules  seen  within  the  interior  of  the  axoplasm,  move¬ 
ment  along  isolated  microtubules  protruding  from  the  edges 
of  the  axoplasm  is  unaffected  by  dephospho-synapsin  I,  de¬ 
spite  the  fact  that  the  synapsin  I  concentration  is  higher 
there.  Thus,  synapsin  I  does  not  appear  to  inhibit  the  fast 
axonal  transport  mechanism  itself.  Rather,  these  results  are 
consistent  with  the  possibility  that  dephospho-synapsin  I 
acts  by  a  crosslinking  mechanism  involving  some  compo- 
nent(s)  of  the  cytoskeleton,  such  as  F-actin,  to  create  a 
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dense  network  that  restricts  organelle  movement.  The  rel¬ 
evance  of  the  present  observations  to  regulation  of  neuro¬ 
transmitter  release  is  discussed. 

Synapsin  I  is  a  neuron-specific  phosphoprotein  that  is  concen¬ 
trated  in  presynaptic  nerve  terminals,  where  it  appears  to  be 
associated  primarily  with  the  cytoplasmic  surface  of  small  syn¬ 
aptic  vesicles  (Ueda  et  al.,  1973;  Ueda  and  Greengard,  1977; 
De  Camilli  et  al.,  1979,  1983a,  b;  Huttner  et  al.,  1983;  Navone 
et  al.,  1984).  It  is  a  major  substrate  for  cAMP-dependent  protein 
kinase  as  well  as  calcium/calmodulin-dependent  protein  kinases 
1  and  11  (CaM  kinases  I  and  II)  (Huttner  and  Greengard,  1979; 
Sieghart  et  al.,  1979;  Huttner  et  al.,  1981;  Kennedy  and  Green¬ 
gard,  1981;  Czemik  et  al.,  1987;  Naim  and  Greengard,  1987). 
cAMP-dependent  protein  kinase  and  CaM  kinase  I  both  phos- 
phorylate  a  single  serine  residue  (site  1)  located  in  the  collage- 
nase-resistant  head  region  of  the  synapsin  I  molecule,  CaM 
kinase  II  phosphorylates  a  pair  of  serine  residues  (sites  2  and 
3)  located  in  the  collagenase-sensitive  tail  region  of  the  molecule. 
A  variety  of  studies  using  intact  nerve  cell  preparations  have 
shown  that  physiological  and  pharmacological  agents  that  affect 
synaptic  function  also  produce  alterations  in  the  state  of  phos¬ 
phorylation  of  synapsin  I  (for  reviews,  see  Nestler  and  Green¬ 
gard,  1 984;  Greengard  et  al.,  1 987).  In  vitro  studies  have  shown 
that,  under  certain  conditions,  phosphorylation  of  the  tail  region 
of  synapsin  I  by  CaM  kinase  II  reduces  the  affinity  of  symapsin 
I  for  the  synaptic  vesicle  membrane  (Huttner  et  al.,  1 983;  Schie- 
bler  et  al..  1986;  Benfenati  et  al.,  1989).  Taken  together,  these 
studies  led  to  the  hypothesis  that  synapsin  I  might  be  involved 
in  the  regulation  of  some  aspect  of  synaptic  vesicle  function. 

The  possibility  that  synapsin  I  might  regulate  neurotrans¬ 
mitter  release  was  tested  directly  by  injection  of  synapsin  I  into 
the  preterminal  digit  of  the  squid  giant  synapse  (Liinas  et  al., 
1985).  Injection  of  the  dephosphorylated  form  of  synapsin  I 
decreased  neurotransmitter  release,  whereas  injection  of  syn¬ 
apsin  I  that  had  been  phosphorylated  at  sites  2  and  3  in  the  tail 
region  by  CaM  kinase  II  was  without  effect.  Moreover,  injection 
of  CaM  kinase  II  itself  enhanced  release.  More  recent  studies 
(R.  Liinas  et  al..  unpublished  observations)  have  expanded  these 
initial  findings  and  have  shown  that  phosphorylation  of  site  I 
in  the  head  region  of  synapsin  I  by  cAMP-dependent  protein 
kinase  is  less  effective  than  tail  phospho-synapsin  at  reducing 
the  ability  of  synapsin  I  to  inhibit  transmitter  release  at  the 
squid  giant  synapse. 
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We  believe  that  synapsin  I  is  more  likely  to  be  involved  in 
modulating  than  in  mediating  release,  since  the  fusion-release 
process  per  se  can  occur  in  less  than  200  nsec  (Llinas  et  al., 
1981).  and  the  turnover  rates  for  the  protein  kinases  are  on  the 
order  of  tens  of  milliseconds.  Furthermore,  it  is  unlikely  that 
synapsin  1,  which  is  enriched  only  in  neurons,  regulates  the 
exocytotic  event  itself,  a  process  that  is  common  to  all  secretory 
cells.  Finally,  within  nerve  terminals,  synapsin  I  appears  to  be 
associated  only  with  small  (40-60  nm  diameter)  and  not  with 
large  (>60  nm  diameter)  synaptic  vesicles  (De  Camilli  et  al., 
1983a,  b;  Huttner  et  al.,  1983;  Navone  et  al.,  1984;  De  Camilli 
and  Greengard,  1986).  Thus,  we  think  that  synapsin  I  is  most 
likely  to  be  involved  in  modulating  some  prefusion  property 
that  is  unique  to  small  synaptic  vesicles. 

We  have  proposed  that  phosphorylation  of  synapsin  1  might 
regulate  the  availabil'ty  of  synaptic  vesicles  for  release  and  that 
it  might  do  so  by  regulating  the  ability  of  the  vesicles  to  move 
to  or  fuse  with  the  plasma  membrane  (Llinas  et  al..  1985).  Since 
it  is  not  yet  possible  to  examine  these  mechanisms  in  the  intact 
nerve  terminal,  a  number  of  model  systems  are  currently  being 
used  to  study  the  mechanism  of  action  of  synapsin  I.  One  of 
these  systems,  the  extruded  axoplasm  of  the  squid  giant  axon, 
is  the  focus  of  the  present  report.  The  present  studies  were 
designed  to  test  the  possibility  that  synapsin  I  regulates  the 
availability  of  synaptic  vesicles  for  release  by  affecting  the  ability 
of  the  vesicles  to  move  within  the  cytoplasm.  This  required  a 
relatively  intact  system  in  which  we  could  directly  and  clearly 
visualize  vesicle  movement.  We  therefore  chose  to  use  video- 
enhanced  contrast-differential  interference  contrast  (VEC-DIC) 
microscopy  techniques  to  examine  the  effect  of  synapsin  I  on 
vesicle  movement  in  the  extruded  squid  axoplasm. 

VEC-DIC  microscopy  techniques  (Allen  et  al..  1981;  Inoue. 
1981)  make  it  possible  to  detect  structures  as  small  as  one-tenth 
the  traditional  limit  of  resolution  of  the  light  microscope.  With 
these  techniques,  one  can  observe  subcellular  structures  the  size 
of  individual  small  synaptic  vesicles  and  microtubules  (Allen  et 
al..  1 98 1 ;  Allen  and  Allen,  1983).  The  extruded  axoplasm  prep¬ 
aration  from  the  squid  giant  axon  permits  one  to  perform  a 
variety  of  manipulations  with  macromolecules  that  do  not  or¬ 
dinarily  cross  the  plasma  membrane  and  to  use  VEC-DIC  mi¬ 
croscopy  to  observe  directly  the  effects  of  these  manipulations 
on  organelle  movement  (Brady  et  al.,  1982.  1984.  1985).  In 
addition,  the  extruded  axoplasm  preparation  provides  a  useful 
means  for  determining  if  interactions  between  proteins  and  sub- 
cellular  organelles  that  are  suggested  on  the  basis  of  reconsti¬ 
tution  studies  with  purified  components  can  occur  within  the 
axonal  milieu.  The  present  results  indicate  that  synapsin  I  can 
restrict  the  ability  of  vesicles  to  move  within  the  axoplasm  and 
that  this  effect  is  dependent  on  the  state  of  phosphorylation  of 
the  synapsin  I  molecule.  A  preliminary  report  of  this  work  has 
been  published  (McGuinness  et  al..  1987). 

Materials  and  Methods 

Preparation  of proteins.  Synapsin  I  was  purified  in  the  dephosphor\  iated 
form  from  bovine  brain  by  a  modificaiion(Bahler  and  Greengard.  1987) 
of  the  procedure  of  Schiebler  et  al.  (1986).  Ca.M  kinase  II  was  punned 
from  rat  forebrain  as  descnbed  by  McGuinness  et  al.  (1985).  with  the 
addition  of  hydroxylapaute  chromatography  inserted  between  the  DE.\E- 
cellulose  chromatography  and  ammonium  sulfate  precipitation  steps. 
Purified  CaM  kinase  II  (0.4-0. 5  mg,  ml)  was  dialyzed  extensively  against 
buffer  A  ( 10  mv  HEPES.  pH  7.2.  150  mM  potassium  aspanate.  5  mM 
MgSO.)  and  stored  at  -  '0^.  The  catalytic  subunit  of  cAMP-dependent 
protein  kinase  was  punfied  as  descnbed  by  Kaczmarek  et  al.  1 1*180). 


Calmodulin  was  purified  as  described  by  Grand  et  al.  (1979).  Protein 
determinations  were  performed  by  the  method  of  Peterson  (1977),  using 
BSA  as  standard. 

Synapsin  I  (0.35  mg/ml)  was  phosphorylated  by  incubation  for  30 
min  at  30*^  in  50  mm  Tris-HCl.  pH  7.5,  150  mm  NaQ,  0.4  mM  EGTA. 
1  mM  dithiocrythritol.  lO  mM  MgQ,,  100  um  ATP,  with  trace  amounts 
of  -y-'-'P-ATP.  with  either  CaM  kinase  II  (3.4  Mg/ml),  0.7  mM  CaCl,,  30 
/ig/ml  calmodulin  or  the  catalytic  subunit  of  cAMP-dependent  protein 
kinase  (60  om),  0.1%  Nonidet-P40.  “Mock”-phospho-synapsin  I  was 
treated  as  above  except  that  both  kinases.  CaQ,,  calmodulin,  and  Non- 
idet-P40  were  added,  and  ATP  was  omitted  from  the  reaction  mixture. 
Phosphorylation  reactions  were  terminated  by  the  addition  of  EDTA 
to  a  final  concentration  of  20  mM.  One-  and  2-dimensional  peptide 
mapping  (Kennedy  and  Greengard.  1981;  Huttner  etal.,  1981;  Kennedy 
et  al..  1983)  revealed  that  synapsin  I  was  phosphorylated  to  a  stoichi¬ 
ometry  of  1 .0  mol/mol  on  site  2  and  on  site  3  by  CaM  kinase  II  and 
to  a  stoichiometry  of  0.95  mol/mol  on  site  1  by  the  catalytic  subunit 
of  cAMP-dependent  protein  kinase. 

Some  of  the  phosphorylated  and  dephosphorylated  synapsin  I  prep¬ 
arations  were  fluorescently  labeled  with  Texas  red  (Molecular  Probes. 
Inc..  Eugene.  OR)  according  to  the  method  of  Titus  et  al.  (1 982)  as 
described  by  Llinas  et  al.  (unpublished  obervations).  The  various  forms 
of  synapsin  1  were  re-punfied  from  kinases  and/or  unbound  Texas  red 
by  CM-cellulose  chromatography  at  pH  8.0  as  described  by  Llinas  et 
al.  (unpublished  observations),  using  buffer  A  for  elution.  The  re-pur- 
ified  synapsin  I  was  concentrated,  dialyzed  against  buffer  A.  centrifuged 
in  a  Eteckman  TL  100  centrifuge  at  450.000  g  for  IS  min  to  remove 
large  aggregates,  stored  at  (M°C.  and  used  within  7  d  of  preparation  or 
stored  at  -  7(yc  and  thawed  immediately  before  use.  Labeled  and  un¬ 
labeled  synapsin  I  preparations  were  assayed  for  the  ability  to  be  phos¬ 
phorylated  by  CaM  kinase  II  using  the  procedure  of  McGuinness  et  al. 
(1985).  to  bind  to  purified  synaptic  vesicles  using  the  procedure  of 
Schiebler  et  al.  (1986),  to  inhibit  neurotransmitter  release  using  the 
procedure  of  Llinas  et  al.  (1985),  and  to  inhibit  organelle  movement 
using  the  methods  described  in  the  present  report 

Manipulation  of  axoplasm.  Squid  (Loligo  pealei)  having  a  mantle 
length  of  1 0-20  cm  were  obtained  daily  from  the  Department  of  Manne 
Resources.  Marine  Biological  Laboratory  (Woods  Hole.  MA).  Postgan¬ 
glionic  squid  giant  axons  were  dissected,  and  each  axoplasm  was  ex¬ 
truded  onto  a  glass  coverslip.  The  axoplasm  was  then  covered  with  a 
second  glass  coverslip  for  viewing  by  VEC-DIC  microscopy  as  previ¬ 
ously  descnbed  (Brady  etal..  1985:  Schroer  etal.,  1985).  After  recording 
baseline  organelle  movement,  axoplasm  was  incubated  with  20-40  ul 
of  either  buffer  B  (buffer  A  plus  1  mM  ATP)  alone  or  buffer  B  containing 
I.3-I0  uM  synapsin  I. 

For  the  kinase  injection  experiments,  axoplasm  was  extruded  onto  a 
glass  covershp.  and  CaM  kinase  II  (0.4  mg/ml  in  buffer  A)  was  injected 
from  a  microelectrode  by  means  of  short  pressure  pulses  (20-65  psi, 
~  100  msec  in  duration)  into  a  small  region  of  the  axoplasm.  The  axo¬ 
plasm  was  then  covered  with  a  second  coverslip  for  viewing  by  VEC- 
DIC  microscopy.  After  recording  baseline  organelle  movement.  20-40 
mI  of  buffer  B  containing  1.3-10  mm  depbosphosynapsin  1, 40  mm  CaQ,, 
and  0.15  mg/ml  calmodulin  was  applied  to  the  chamber. 

The  rapid  directed  movement  of  membranous  organelles  within  ex¬ 
truded  axoplasm  occurs  in  both  the  anterograde  (ftom  the  cell  body  to 
the  terminals)  and  the  retrograde  (from  the  terminals  to  the  cell  body) 
directions  and.  in  neurons,  is  referred  to  as  fast  axonal  transport  (for 
review,  see  Grafstein  and  Forman.  1 980).  Fast  transport  has  been  shown, 
using  VEC-DIC  techniques,  to  occur  along  individual  microtubules 
(Hayden  et  al..  1983;  Allen  et  al..  1985:  Schnapp  et  al.,  1985).  Recent 
evidence  suggests  that  the  translocating  enzyme  that  may  be  responsible 
for  anterograde  transport  is  different  from  that  responsible  for  retrograde 
transport  (Vale  et  al.,  1985  a,  c;  Paschal  and  V^ee,  1987;  Paschal  et 
al..  1987).  In  all  the  figures,  the  axoplasm  was  oriented  horizontally 
such  that  the  proximal  or  cell  body  end  of  the  axoplasm  is  to  the  left 
and  the  distal  or  terminal  end  is  to  the  right.  Thus,  movement  from  left 
to  right  IS  in  the  anterograde  direction,  and  movement  from  right  to 
left  is  in  the  retrograde  direction. 

I  ideo-enhanced  microscopy.  Organelle  movement  was  visualized  us¬ 
ing  Die  optics  on  a  Zeiss  Axiomat  microscope  (with  100  x  objeaive. 
zoom  set  at  2.5  x)  using  a  Chalnicon  videocamera  (Hamamatsu  Sys¬ 
tems.  Inc..  Waltham.  MA).  A  silicon-intensified  target  camera  (Ha¬ 
mamatsu)  and  rhodamine  filter  set  (Carl  Zeiss.  Inc.,  Thomwood,  NY) 
were  used  for  fluorescence  imaging.  Video  images  were  processed  with 
a  Hamamatsu  C-1440  or  C-1966  Image  Processor  (Photonics  Micros- 
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copy,  Inc..  Oak  Brook.  IL)  to  enhance  contrast  and  to  eliminate  back¬ 
ground  optical  noise.  V  ideo  signals  were  recorded  in  real-time  ( 30  frames/ 
sec)  on  a  Sony  VO-5850  videotape  recorder. 

Depending  on  the  particular  biological  preparation  used,  one  can 
examine  various  parameters  of  fast  axonal  transport,  including  the  num¬ 
ber  and  types  of  organelles  moving,  their  velocity,  and  the  direction  of 
movement.  However,  the  intact  extruded  axoplasm  preparation  is  not 
amenable  to  quantitation  of  the  number  of  organelles  moving  per  unit 
time.  The  number  of  moving  particles  in  a  single  plane  of  focus  within 
a  healthy  axoplasm  is  so  numerous  and  the  smallest  organelles,  which 
are  the  ones  of  interest  in  the  present  studies,  have  such  low  contrast 
that  they  are  detected  primarily  as  a  continuous  streaming  across  the 
screen.  Because  such  organelles  are  well  below  the  limit  of  resolution 
of  the  light  microscope,  it  is  physically  impossible  to  distinguish  these 
small  moving  particles  as  individual  elements.  Any  estimate  of  the 
number  of  particles  moving  across  even  a  shon  line  drawn  on  the  screen 
could  be  in  error  by  orders  of  magnitude.  In  previous  studies  using 
intact  axons  (e.g.,  Allen  et  al.,  1982:  Adams  and  Bray,  1983:  Forman 
et  al..  1983:  Koenig,  1986)  or  neurites  in  culture  (e.g.,  Hollenbeck  and 
Bray,  1 987),  only  a  fraction  of  the  total  number  of  moving  particles  was 
detected.  In  fact,  the  inability  to  detea  the  small  synaptic  vesicle-sized 
panicles  in  these  preparations  reduced  the  total  number  of  visible  mov¬ 
ing  panicles  so  that  the  small  number  of  larger  moving  organelles  could 
be  counted.  In  previous  studies  using  dissociated  axoplasm  (e.g.,  Allen 
et  al.,  1985:  Schnapp  et  al..  1985:  Vale  et  al.,  1985b:  Weiss.  1986). 
individual  translocation  events  could  be  easily  examined.  For  some  of 
the  intact  and  dissociated  preparations,  estimates  were  presented  of  the 
number  of  moving  panicles.  However,  no  attempt  was  made  in  any  of 
these  studies  to  evaluate  the  sampling  procedure  to  determine  the  pop¬ 
ulation  of  organelles  being  counted  or  how  these  relate  to  the  complete 
set  of  organelles  in  transpon.  Fonunately,  in  the  present  study,  the  elfect 
of  the  dephosphorylated  form  of  synapsin  I  on  organelle  movement  was 
so  dramatic  that  precise  quantitation  of  the  number  of  organelles  affected 
was  not  critical. 

Velocity  measurements  were  performed  with  a  Hamamatsu  C-2 1 1 7 
video  manipulator,  which  generates  white  pixels  that  move  aaoss  the 
monitor.  The  direction  and  rate  of  these  pixels  were  adjusted  by  eye  to 
correspond  alternately  to  the  average  velocity  of  particles  moving  in  the 
anterograde  or  retrograde  direaions.  Velocities  are  expressed  as  mean 
i  SEM. 

The  “trace”  images  were  obtained  using  the  Hamamatsu  C-1966 
Image  Processor  to  extract  a  trace  of  moving  objects  by  sequentially 
subtracting  frames  at  specified  intervals  and  accumulating  the  successive 
subtraaed  images.  We  had  hoped  to  calculate  the  total  intensities  of 
the  trace  images  and  to  use  the  intensity  values  as  a  quantitative  measure 
of  total  movement.  This  could  be  done  by  using  a  root-mean-square 
average  of  the  subtracted  images  as  describe  by  Forscher  et  al.  ( 1 987). 
However,  several  limitations  inherent  in  the  trace  technique  precluded 
its  routine  use  in  the  present  studies.  Situations  that  limit  the  usefulness 
of  this  technique  include  too  many  moving  particles  for  their  trajectories 
to  be  resolved  from  one  another,  variation  in  intensity  of  illumination 
due  to  fluauations  of  the  light  source  or  differences  in  the  depth  of  focus, 
and  particles  moving  in  and  out  of  the  plane  of  focus.  The  first  limitation 
is  the  reason  why  only  the  trajeaories  of  the  high-contrast,  medium¬ 
sized  and  large  organelles  could  be  clearly  seen  in  Figure  1-1.  Unfor¬ 
tunately,  we  were  most  interested  in  the  movements  of  the  low-contrast, 
small  (synaptic  vesicle-sized)  organelles,  which  were  lost  in  the  back¬ 


ground  video  noise.  In  addition,  fluctuations  in  the  illuminator  and 
slight  changes  in  the  depth  of  focusduring  the  course  ofa  1  hr  experiment 
often  made  it  impossible  to  compare  direalv  the  trace  image  or  total 
intensity  of  the  image  before  and  after  the  experimental  manipulation. 
As  a  result,  this  procedure  provided  a  qualitative  means  of  comparison 
but  was  not  well  suited  for  quantitative  comparison  of  movement  in 
axoplasm. 

Results 

Effect  of  dephospho-synapsin  I  on  organelle  movement  within 
the  interior  of  the  axoplasm 

In  agreement  with  previous  reports  (Brady  et  al.,  1982,  1984, 
1985).  in  preparations  that  were  not  exposed  to  synapsin  I. 
transport  of  organelles  along  microtubules  was  maintained  for 
several  hours  after  extrusion  of  the  axoplasm.  The  situation  in 
the  presence  of  the  dephosphorylated  form  of  synapsin  I  is  il¬ 
lustrated  in  Figure  I  and  Table  1,  where  it  can  be  seen  that 
incubation  of  isolated  axoplasm  with  dephospho-synapsin  I  re¬ 
sulted  in  an  almost  complete  inhibition  of  directed  organelle 
movement.  Immediately  before  addition  of  dephospho-synap¬ 
sin  I,  organelles  of  all  sizes  were  seen  moving  in  both  anterograde 
and  retrograde  directions  (Fig.  1 ,  A,  B).  In  contrast,  by  1  hr  after 
addition  of  dephospho-synapsin  I  to  the  axoplasm,  virtually  all 
directed  organelle  movement  within  the  interior  of  the  axoplasm 
came  to  a  complete  halt  (Fig.  1,  C.  D).  The  smallest  organelles 
appeared  to  be  the  most  quickly  and  completely  affected,  but 
by  30  min  to  1  hr  after  addition  of  dephospho-synapsin  I,  or¬ 
ganelles  of  all  sizes  were  clearly  affected.  In  the  absence  of  de¬ 
phospho-synapsin  I,  the  average  velocity  of  particles  moving  in 
the  anterograde  and  retrograde  directions  was  1 .72  ±  0.098  pm/ 
sec  (n  =  33)  and  1.29  ±  0.042  um/sec  (n  =  33),  respectively  (S. 
T.  Brady  and  G.  S.  Bloom,  unpublished  observations;  and  the 
present  report).  After  equilibration  of  the  axoplasm  with  de¬ 
phospho-synapsin  I,  the  average  velocity  in  both  directions  for 
most  particles  was  essentially  zero. 

No  detectable  change  in  the  structural  organization  of  the 
axoplasm  was  noted  on  the  addition  of  dephospho-synapsin  I. 
For  example,  in  contrast  to  results  obtained  with  purified  mi¬ 
crotubules  (Baines  and  Bennett,  1986),  no  dephospho-synapsin 
I-induced  bundling  of  microtubules  was  detected  in  the  intact 
axoplasm.  Furthermore,  there  was  no  loss  of  order  or  increase 
in  Brownian  motion,  which  can  be  seen  in  disrupted  axoplasm 
or  axoplasm  depleted  of  ATP  (Brady  et  al.,  1985).  Instead,  the 
axoplasm  appeared  to  virtually  freeze  in  the  presence  of  de¬ 
phospho-synapsin  I,  with  many  organelles  undergoing  repeated 
short  “tugging”  movements.  This  tugging  behavior  could  rep¬ 
resent  constrained  Brownian  movement  of  particles  trapp^ 


Figure  I.  Effect  of  dephospho-synapsin  I  on  organelle  movement  within  the  interior  of  the  axoplasm.  Stills  from  video  records  show  organelle 
movement  within  the  interior  of  extruded  axoplasm  immediately  before  (.t.  B)  and  1  hr  after  (C.  D)  addition  of  10  mm  dephospho-synapsin  I. 
Arrows  and  arrowhead  in  A  point  to  a  few  of  the  numerous  organelles  that  had  moved  during  the  5.5  sec  interval  between  frames  A  and  B.  The 
corresponding  symbols  in  B  point  to  the  positions  originally  occupied  by  the  respective  organelles.  Solid,  curved  arrow  in  A  points  to  a  mitochondrion 
that  moved  to  the  left,  as  seen  in  B.  Open,  curved  arrow  in  .-t  points  to  a  large  organelle  that  moved  upward  and  to  the  right,  as  seen  in  B.  Solid, 
thin  arrow  and  solid  arrowhead  in  A  point  to  2  smaller  organelles  that  moved  out  of  the  field  in  B.  Open,  straight  arrow  in  A  points  to  2  organelles 
that  moved  in  opposite  directions  in  B.  These  2  organelles  are  marked  with  an  *  in  both  .1  and  B:  the  top  organelle  moved  in  the  retrograde 
direaion.  whereas  the  bottom  organelle  moved  In  the  anterograde  direction.  In  contrast  lo  the  movement  observed  baween  frames  ,4  and  B.  almost 
no  organelles  moved  during  the  5.5  sec  interval  between  frames  C  and  D.  Arrows  and  arrowheads  in  C  and  D  indicate  just  a  few  of  the  various¬ 
sized  organelles  that  remained  stationary  in  the  presence  of  dephospho-synapsin  1.  Stills  were  made  by  playing  the  original  videotape  into  the 
C-1966  Image  Processor,  performing  a  rolling  average  of  4  frames,  and  recording  the  averaged  image  onto  an  optical  disc  using  a  Panasonic  TQ- 
2028  F  Optical  Memory  Disc  Recorder.  Single  frames  from  the  optical  disc  were  photographed  from  a  high-resolution  monochrome  monitor  with 
a  35  mm  camera  onto  Kodak  Tech-pan  film.  Scale  bar.  2  Mm. 


I  ii.-'.ii'r  I'raco  iniaai's  illiisiratinc  the  eireci  of  dcphospho-vvnapsin  1  on  oreanelle  movement  within  the  intenor  of  the  axoplasm.  Traces  were 
obtained  h\  vobtractintt  everv  third  frame  itj.  I  sec  intervalsi  and  accumuiatine  the  subtracted  images  of  60  frames,  as  desenbed  in  Matenals  and 
Mothi’ds,  I.  l.ini'ar  paths  produced  hs  moving  organelles  within  the  asopiasni  immeaiately  before  addition  of  dephospho-synapsin  1.  B.  No  such 
paths  can  be  detected  in  tne  same  tixopiasm  I  hratter  addition  oi  10  um  denhospho-svnapsm  1.  Stills  were  made  by  copying  the  original  videotape 
onto  .in  optical  disc  and  photograpnine  single  Irames  as  describt’d  in  tne  legend  to  (  igure  1.  Scale  bar.  1  um. 


within  the  matrix  of  the  axoplasm  (Hradv  ct  al..  IdS?!  or  could 
represent  attempted  movement  ol' organelles  that  are  actually 
tethered  to  some  component  of  the  axoplasmic  matrix.  Replen- 
ishinu  tlie  ATP  did  not  reverse  the  inhthitors  etieet  of  dephos- 
pho-ssnapsin  1  on  axonal  transport. 

Regions  in  which  directed  movement  had  ceased  within  the 
axoplasm  were  first  detected  within  5  mm  after  dephospho- 
ss  napsin  I  addition  and  were  delected  throughout  the  axoplasm 
by  30  mm.  To  monitor  the  dilfusion  of  synapstn  1  into  the 
axoplasm,  the  protein  used  for  most  of  these  expenments  was 
lluorescently  labeled  with  the  rhodamine  derivative  Texas  red. 
I.abeled  synapstn  1  was  comparable  to  unlabeled  sxnapstn  I  m 
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terms  ot  ns  ability  to  be  phosphor. lated  by  CaM  kinase  II.  to 
bind  to  purified  synaptic  vesicles,  to  inhibit  organelle  movement 
(present  .'■eponl.  and  to  inhibit  neurotransniiticr  release  iLIinas 
et  al..  unpublished  observations).  Fluorescent  dephospho-syn- 
apsm  I  was  ibund  to  penetrate  the  axoplasm  with  a  time  course 
similar  to  that  found  for  the  appearance  of  the  inhibitory  circcl. 
This  lime  course  is  consistent  with  that  expected  for  diffusion 
of  molecules  the  si/c  ofsynapsin  I  in  squid  axoplasm  (Brady  et 
al..  I'),S4.  1985;  .Moms  and  Lasek.  1984), 

Dynamic  movement  obserx'cd  in  real-time  using  video-en¬ 
hanced  microscopy  cannot  be  adequately  represented  in  still 
photographs.  The  isolated  axoplasm  preparation  contains  so 
manv  moving  organelles  that  frames  selected  at  ZdifTerent  times 
may  look  verx  similar  because  almost  all  organelles  have  moved 
m  the  interframc  interval  and  other  organelles  have  taken  their 
place.  Often,  only  the  positions  of  medium-sized  and  large  or¬ 
ganelles  can  unequivocally  be  ideniilicd  m  successive  still  pho¬ 
tographs.  Funhcrmorc.  the  ability  to  even  detect  the  small  svn- 
apiic  xesielc-si/ed  panicles  within  the  compic.x  inienorof  the 
axoplasm  is  almost  completely  lost  in  the  still  picture.  The 
changes  in  contrast  generated  by  the  movement  of  these  panicles 
contribute  signilicanilv  to  one's  ability  to  study  them. 

Figure  2  represents  an  attempt  to  circumvent  these  limita- 
iinns  The  trace  images  in  Figure  2  were  obtained  by  sequentialK 
Mibtraciing  DIC  images  captured  at  (),  1  sec  intervals  and  ac¬ 
cumulating  bO  of  the  subtracted  images.  Traiectories  of  moving 
panicles  were  vtsuali/cd  by  changes  in  pixel  brightness  caused 
Iw  nii-vemeni  vlurinc  the  interframe  itncrval.  The  traiectories 
.reaied  bv  organelles  moving  within  the  axopiastii  wereclearlv 
veen  f’ci.ire  addition  of  dephospho-synapsin  I  (Fig.  2.11.  In  con- 


irast.  no  trajectories  were  evident  1  hr  alter  dephospho-synapsin 
I  was  applied  to  the  axoplasm  (Fig.  2B).  This  trace  imaging 
technique  provided  a  qualitative  measure  of  the  extent  to  which 
dephospho-synapsin  I  reduced  movement  of  organelles. 

Effect  of  dephospho-synapsin  I  on  organelle  movement  at  the 
periphery  of  the  axoplasm 

The  most  peripheral  region  of  the  extruded  axoplasm  prepa¬ 
ration.  i.e..  the  region  nearest  the  bulfer-axopiasm  interface,  has 
a  less  dense  and  less  ordered  organization  than  does  the  intenor 
of  the  axoplasm  proper  (cf.  Fig.  3.  A.  B  to  C,  D.  and  see  Brady 
et  al..  1982;  Miller  and  Lasek.  1985).  In  the  penphery.  organelle 
movement  is  not  inhibited  by  dephospho-synapsin  1.  In  contrast 
to  the  immobilization  of  particles  produced  by  dephospho-syn¬ 
apsin  I  within  the  intenor  of  the  axoplasm  (Fig.  3,  A.  B).  or¬ 
ganelle  movement  along  microtubules  near  the  boundary  be¬ 
tween  the  buffer  and  axoplasm  (Fig.  3,  C  D)  was  unaffected  by 
dephospho-synapsin  1.  Typically,  regions  of  the  axoplasm  more 
than  5-6  nm  away  from  the  boundary  between  buffer  and  axo¬ 
plasm  were  clearly  reduced  in  the  amount  of  organelle  move¬ 
ment  within  10  min  of  dephospho-synapsin  I  addition.  As  the 
incubation  continued,  almost  all  organelle  movement  ceased 
within  the  interior  of  the  axoplasm  (Fig.  3.  .4.  B).  Throughout 
the  course  of  the  experiment,  however,  organelles  of  all  sizes  in 
the  most  superficial  regions  of  axoplasm  continued  to  move 
along  easily  resolved  microtubules  (Fig.  3,  C,  D).  Similarly, 
organelle  movement  along  isolated  microtubules  protruding  from 
the  edge  of  the  a.xoplasm  continued  in  the  presence  of  dephos¬ 
pho-synapsin  I  (Fig.  4).  Thus,  axonal  transport  along  individual 
microtubules  in  the  periphery  of  the  axoplasm  and  in  the  sur¬ 
rounding  buffer  continued  unabated,  despite  the  fact  that  the 
dephospho-synapsin  I  concentration  was  higher  in  these  pe¬ 
ripheral  regions  than  in  the  interior  of  the  axoplasm,  as  deter¬ 
mined  by  fluorescent  monitoring  of  Texas  red-labeled  synap- 
sin  I. 

Effect  of  phospho-synapsin  I  on  organelle  movement 

Phosphorylation  of  sites  2  and  3  in  the  tail  region  of  the  synapsin 
I  molecule  by  CaM  kinase  II  abolishes  the  ability  of  synapsin  I 
to  inhibit  transmitter  release  at  the  squid  giant  synapse  (Llinas 
et  al..  1 985;  unpublished  observations).  Therefore,  we  examined 
whether  phosphorylation  of  synapsin  1  by  CaM  kinase  II  would 
also  reduce  the  ability  of  synapsin  I  to  inhibit  organelle  move¬ 
ment  in  the  squid  giant  axoplasm.  As  shown  in  the  previous 
section,  organelle  movement  was  almost  completely  inhibited 
when  axoplasm  was  incubated  with  1.3-10  mm  dephospho-syn¬ 
apsin  I.  In  contrast,  incubation  of  axoplasm  with  1.3  mm  tail 
phospho-synapsin  I  (synapsin  I  that  had  been  phosphors  lated 
on  sites  2  and  3  in  the  tail  region  of  the  molecule  by  CaM  kinase 
II)  had  no  effect  on  organelle  movement  (see  Table  1).  and 
incubation  with  10  (im  tail  phosphosynapsin  I  had  only  a  slight 
inhibitory  effect  (Fig.  5).  This  minor  effect  at  the  higher  con¬ 
centration  might  have  resulted  from  sites  2  and  3  being  incom¬ 
pletely  phosphorylated  or  partially  dephosphorylated  by  en¬ 
dogenous  squid  protein  phosphatase! s).  The  fact  that  10  mm  tail 
phospho-synapsin  I  had  little  effect  on  transpon  indicates  that 
this  concentration  of  dephospho-synapsin  I.  which  abolished 
organelle  movement,  did  not  per  se  cause  a  nonspecific  penur- 
bation  of  axonal  transport. 

Phosphorylation  of  site  1  in  the  head  region  of  the  synapsin 
1  molecule  by  cAMP-dependent  protein  kinase  only  partially 
reduced  the  ability  of  synapsin  I  to  inhibit  organelles  from  being 


transported  along  microtubules.  Phosphorylation  by  cAMP-de- 
pendent  protein  kinase  was  not  as  effeaive  as  phosphorylation 
by  CaM  kinase  II  in  preventing  the  inhibitory  effect  of  synapsin 
I.  but  far  more  movement  was  seen  in  axoplasm  treated  with 
head  phospho-synapsin  1  than  if  treated  with  dephospho-syn¬ 
apsin  I  (see  Table  1). 

The  relative  lack  of  effect  of  the  phospho-synapsin  I  prepa¬ 
rations  was  not  due  to  nonspecific  inactivation  of  the  molecule 
by  the  phosphorylation  conditions,  since  mock  phospho- 
synapsin  I  (synapsin  I  that  had  been  treated  identically  to 
phospho-synapsin  I  except  that  ATP  was  omitted  from  the  phos- 
phory  lation  reaction  mixture)  was  indistinguishable  from  de- 
phospho-synapsin  I  in  its  inhibitory  effect.  The  relative  lack  of 
effect  of  the  phospho-synapsin  I  preparations  was  also  not  due 
to  poor  penetration  into  the  axoplasm,  since  fluorescence  mon¬ 
itoring  of  Texas  red-labeled  synapsin  I  showed  similar  diffusion 
for  the  dephospho-  and  phospho-forms.  The  differences  in  trans¬ 
port  blocking  ability  between  dephospho-  and  phospho-syn¬ 
apsin  1  were  also  observed  when  the  proteins  were  pressure- 
injected  from  a  microelectrode  directly  into  a  small  region  of 
the  axoplasm.  In  these  experiments,  dephospho-synapsin  I  in¬ 
hibited  movement  in  the  region  surrounding  the  injection  site, 
whereas  axonal  transport  proceeded  normally  at  distances  far¬ 
ther  away.  In  contrast,  phospho-synapsin  I  had  no  effect. 

The  microinjection  technique  was  also  used  to  test  whether 
phosphorylation  of  synapsin  I  within  the  axoplasm  itself  by  CaM 
kinase  II  would  prevent  the  inhibitory  action  of  synapsin  I  on 
organelle  movement.  CaM  kinase  II  was  pressure-injected  into 
a  small  area  at  the  distal  end  of  the  axoplasm.  Organelle  move¬ 
ment  and  the  integrity  of  the  axoplasm  in  the  vicinity  of  the 
injection  site  were  not  noticeably  different  from  that  seen  in 
other  regions.  The  axoplasm  was  then  incubated  with  buffer 
conuining  1.3-10  hm  dephospho-synapsin  I  in  the  presence  of 
40  mm  calcium  and  0. 1 5  mg'ml  calmodulin  to  promote  phos- 
phorv  lation.  Incubation  with  these  concentrations  of  calcium 
and  calmodulin  without  dephospho-synapsin  I  had  no  detect¬ 
able  effect  on  organelle  movement  (Brady  et  al..  1984,  1985; 
and  this  study).  Dephospho-synapsin  I  inhibited  movement 
throughout  the  axoplasm  except  in  the  immediate  vicinity  of 
the  kinase  injection  site.  Near  the  injection  site,  normal  organelle 
movement  was  observed.  Decreases  in  organelle  movement  were 
seen  with  increasing  distance  from  the  site  of  injection.  The 
distribution  and  intensity  of  the  fluorescent  synapsin  I  was  the 
same  at  the  injection  site  as  in  other  regions.  Thus,  inhibition 
by  dephospho-synapsin  I  can  be  prevented  by  CaM  kinase  II 
within  the  axoplasm  itself. 

Discussion 

The  present  studies  utilized  the  isolated  axoplasm  from  the 
squid  giant  axon  as  one  model  for  studying  the  mechanism  by 
which  synapsin  I  might  regulate  neurotransmitter  release.  These 
studies  were  undertaken  to  test  the  following  hypothesis.  If  syn¬ 
apsin  I  regulates  availability  of  synaptic  vesicles  for  release  by 
restnetmg  the  ability  of  vesicles  to  move  within  the  cytoplasm 
of  the  presynaptic  terminal,  then  adding  concentrations  of  syn¬ 
apsin  1  that  would  be  expected  to  exist  within  the  terminal  to 
the  isolated  axoplasm  might  inhibit  vesicle  movement  in  the 
axoplasm.  This  is.  in  fact,  what  was  found  (see  Table  1).  The 
dephosphoiy  lated  form  of  synapsin  I  xirtually  abolished  all  ves¬ 
icle  movement  within  the  interior  of  the  isolated  axoplasm. 
Phosphorylation  of  synapsin  I  by  CaM  kinase  II  removed  the 
inhibitory  effect  and  phosphorylation  by  cAMP-dependent  pro- 


tein  kinase  partially  reduced  the  inhibitory  effect  on  vesicle 
movement.  These  results  are  analogous  to  the  inhibition  of  neu- 
rotransmitter  release  by  dephospho-synapsin  1  and  the  reduc¬ 
tion  of  that  inhibition  by  phosphory  lation  of  synapsin  I.  Thus, 
the  results  are  consistent  with  the  possibility  that  the  mechanism 
by  which  synapsin  1  affects  organelle  movement  in  the  isolated 
axoplasm  is  similar  or  identical  to  the  mechanism  by  which  it 
regulates  synaptic  vesicle  availability  in  the  presynaptic  ter¬ 
minal. 

The  small  vesicles  in  the  axoplasm  were  clearly  not  the  only 
organelles  affected  by  synapsin  1.  .Movement  of  all  organelles 
was  dramatically  inhibited.  This  nonselective  effect  raises  the 
possibility  that  synapsin  I  directly  inhibits  the  microtubule- 
based  motor  mechanism  for  fast  axonal  transport.  Several  fac¬ 
tors.  however,  suggest  that  synapsin  1  does  not  directly  affect 
the  transport  mechanism  itself.  First,  synapsin  I  had  no  apparent 
effect  on  the  movement  of  organelles  along  microtubules  in  the 
periphery  of  the  axoplasm  or  along  isolated  microtubules  pro¬ 
truding  into  the  buffer,  where  the  concentration  of  synapsin  1 
was  the  highest.  Furthermore,  the  ability  of  synapsin  I  to  inhibit 
organelle  movement  was  critically  dependent  on  a  closely  packed 
cytoskeletal  matrix.  For  example,  when  the  axoplasm  was  im¬ 
properly  extruded  so  that  the  onginal  linear  organization  of  the 
cytoskeletal  network  was  disturbed,  synapsin  I  was  much  less 
effective  in  inhibiting  movement.  Also,  if  a  single  axoplasm  had 
highly  organized  regions  adjacent  to  regions  where  the  micro¬ 
tubules  were  disorganized  and  extending  haphazardly  in  all  di¬ 
rections,  then  significant  inhibition  was  seen  only  in  the  orga¬ 
nized  regions.  This  ability  of  synapsin  1  to  inhibit  movement 
only  within  the  intenor  of  axoplasm  in  which  the  onginal  cy¬ 
toskeletal  architecture  has  been  maintained  is  not  consistent 
with  a  direct  effect  on  the  fast  axonal  transpon  mechanism.  It 
IS  also  not  consistent  with  the  inhibitory  effect  depending  solely 
on  the  concentration  of  a  particular  component  that  may  have 
been  diluted  below  a  critical  concentration  in  the  buffer  sur¬ 
rounding  the  axoplasm.  Rather,  it  suggests  that  synapsin  I  may 
indirectly  inhibit  fast  axonal  transport  by  crosslinking  neigh¬ 
boring  axoplasmic  structures,  thus  restricting  the  ability  of  or¬ 
ganelles  to  move  within  the  resulting  network.  However,  the 
absence  of  an  effect  of  dephospho-synapsin  I  on  organelles  mov¬ 
ing  along  individual  microtubules  or  in  the  periphery  of  the 
axoplasm  suggests  that  the  organelles  are  not  crosslinked  to  the 
microtubules.  Instead,  some  other  axoplasmic  structure  must 
be  required. 

One  possible  mechanism  for  the  inhibition  of  movement  of 
membranous  organelles  reported  here  is  the  following.  De¬ 
phospho-synapsin  I  inhibits  synaptic  vesicle  mobility  by  cross- 
linking  the  vesicles  to  some  component(s)  of  the  cytoskeleton. 
thereby  creating  a  dense  meshwork  or  cage,  which  then  indi¬ 
rectly  restricts  the  movement  of  other  organelles  as  well.  Indeed, 
it  has  previously  been  proposed  that  synapsin  I  crosslinks  syn¬ 
aptic  vesicles  to  cytoskeletal  structures  and  that  this  interaction 


is  regulated  by  phosphorylation  of  the  synapsin  I  molecule  (De 
Camilli  et  al.,  1983b:  Huttneretal.,  1983:  Navoneetal..  1984). 
In  support  of  this  proposal,  synapsin  I  has  been  shown  to  bind 
with  high  affinity  to  isolated  synaptic  vesicles  (Huttncr  et  al.. 
1983:  Schiebler  et  al..  1986:  Steiner  et  al..  1987;  Benfenati  et 
al..  1989)  and  to  interact  in  vitro  with  various  cytoskeletal  struc¬ 
tures.  including  spectrin  (Baines  and  Bennett,  1985:  Kanda  et 
al..  1 986:  Krebs  et  al.,  1987),  microtubules  (Baines  and  Bennett. 
1986:  Goldcnring  et  al..  1986),  neuroAlaments  (Goldennng  et 
al..  1986:  Steiner  et  al..  1987),  and  F-aclin  (Bahler  and  Green- 
gard.  1987:  Petrucci  and  Morrow,  1987;  Petrucci  et  al..  1988: 
Bahler  etal..  1989). 

Only  in  the  synaptic  vesicle  (Huttner  et  al.,  1983:  Schiebler 
et  al..  1 986:  Benfenati  et  al..  1 989)  and  actin  (Bahler  and  Green- 
gard.  1987;  Petrucci  and  Morrow,  1987;  Bahler  et  al..  1989) 
studies  was  the  effect  of  phosphorylation  of  synapsin  I  by  c  AMP- 
dependent  protein  kinase  examined.  Phosphorylation  by  cAMP- 
dependent  protein  kinase  had  only  a  slight  effect  on  the  inter¬ 
action  of  synapsin  1  with  purified  vesicles  (Schiebler  et  al..  1 986 ) 
and  with  actin  (Bahler  and  Greengard,  1987).  It  is  not  known 
whether  these  relatively  minor  effects  are  of  physiological  sig¬ 
nificance.  Phosphorylation  of  synapsin  I  by  CaM  kinase  II  has 
been  shown  to  decrease  its  interaction  with  purified  synaptic 
vesicles  (Huttner  et  al.,  1983;  Schiebler  et  al..  1986;  Benfenati 
et  al..  1989)  and  neurofilaments  (Steiner  et  al..  1987)  and  to 
nearly  abolish  its  ability  to  bundle  F-actin  (Bahler  and  Green¬ 
gard.  1987;  Petrucci  and  Morrow.  1987).  Thus,  phosphoryla¬ 
tion-dependent  interactions  of  synapsin  1  with  any  of  these  com¬ 
ponents  could  be  responsible  for  the  present  findings  on  organelle 
movement. 

Interaction  with  neurofilaments  is  unlikely  to  explain  the  ef- 
fec’s  of  synapsin  I  in  both  the  axoplasm  and  the  presynaptic 
terminal,  since  neurofilaments  are  thought  not  to  extend  into 
the  synaptic  vesicle-containing  region  of  the  terminal  (Roots. 
1 983;  Walker  et  al..  1 985).  Interaction  with  microtubules  is  also 
unlikely  to  be  the  sole  explanation  for  the  effects  of  synapsin  1. 
since  no  microtubule  bundling  was  observed  in  the  present  ex¬ 
periments  and  phosphorylation  of  synapsin  I,  if  anything,  may 
enhance  the  interaction  of  synapsin  I  with  microtubule  proteins 
(Petrucci  and  Morrow,  1987).  In  addition,  microtubules  are 
thought  not  to  extend  into  the  synaptic  vesicle  region  of  the 
presynaptic  nerve  terminal  (Roots.  1983;  Walker  et  al.,  1985), 
although  evidence  for  some  microtubules  extending  into  the 
presynaptic  terminal  does  exist  (Hirokawa  et  al.,  1989).  Re¬ 
gardless.  the  absence  of  inhibition  by  dephospho-synapsin  I 
when  organelles  are  moving  along  individual  microtubules  in 
the  absence  of  other  s.ructures  (Fig.  4)  makes  it  unlikely  that 
interaction  with  microtubules  is  involved. 

Interaction  with  F-actin,  on  the  other  hand,  could  explain 
botli  effects.  The  ability  of  synapsin  I  to  bundle  F-actin  in  in 
vitro  systems  (Bahler  and  Greengard.  1987;  Petrucci  and  Mor¬ 
row,  1987;  Petrucci  et  al.,  1988)  is  consistent  with  synapsin  1 


Figure  J.  Companson  of  the  etfeci  of  dephospho-synapsin  I  on  organelle  movement  within  the  intenor  and  near  the  periphery  of  the  axoplasm. 
Stills  from  video  records  showing  organelle  movement  within  the  intenor  (.^.  B)  and  near  the  periphery  (C.  D)  of  extruded  axoplasm  20-22  min 
after  addition  of  1 .3  um  dephospho-synapsin  1.  ArroHs  in  .3  and  B  indicate  2  of  the  numerous  organelles  in  the  field  that  did  not  move  dunng  the 
5  sec  interval  between  frames  A  and  B.  Open  arrows  in  C  and  D  indicate  a  single  microtubule.  Solid  arrows  in  C  and  D  indicate  the  positions  of 
a  single  organelle  that  moved  along  another  microtubule  dunng  the  3  sec  interval  between  frames  C  and  D  In  such  penpheral  regions,  movement 
was  generallv  active  to  the  extent  that  few  organelles  remained  in  the  held  for  more  than  2  or  3  sec.  Arrowhead  in  C  indicates  an  organelle  that  is 
not  seer  in  D  because  it  had  moved  out  of  the  field.  Stills  were  made  by  accumulating  4  frames  (0. 1 3  sec)  from  the  original  videotape  using  the 
C-1966  Image  Processor  and  photographing  the  accumulated  image  from  the  monitor  onto  Kodak  TMAX  100  film.  Scale  bar.  2  ^m. 
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some  dispute.  However,  actin  is  clearly  present  in  high  concen¬ 
tration  in  the  extruded  squid  axoplasm  (Morris  and  Lasek.  1 984; 
Path  and  Lasek.  1 988)  and  is  also  found  in  the  presynaptic  nerve 
terminal  (LeBeux  and  Willemot.  1975;  Toh  et  al..  1976;  Walker 
et  al..  1985).  Moreover,  although  actin  is  not  necessary  for  fast 
axonal  transport  ( Al'm  et  al..  1 985;  Brady  et  al..  1 985;  Schnapp 
et  al.,  1985),  several  actin-binding  and  microfilament  depoly- 
merizing  agents  have  been  shown  to  disrupt  fast  axonal  transport 
(Goldberg  et  al.,  1980;  Goldberg,  1982;  Brady  et  al..  1984). 
Significantly,  these  microfilament  depolymerizing  agents  are  not 
effective  at  inhibiting  organelle  movement  along  individual  mi¬ 
crotubules  (Brady,  1987),  and  the  individual  microtubules  on 
the  periphery  do  not  contain  detectable  microfilaments  (Schnapp 
et  al.,  1985;  Brady,  1987).  Further  studies  will  be  required  to 
determine  if  synapsin  I  inhibits  organelle  movement  within  the 
squid  axoplasm  by  crosslinking  synaptic  vesicles  with  F-actin, 
by  crosslinking  F-actin  with  F-actin,  or  by  some  mechanism 
involving  other  cytoplasmic  component(s)  and  to  determine  if 
such  interactions  have  physiological  relevance  to  synaptic  trans¬ 
mission. 

Associations  between  synapsin  I  and  various  subcellular  com¬ 
ponents  that  were  produced  under  the  in  vitro  conditions  used 
in  the  present  study  may  not  occur  in  vivo.  However,  it  should 
be  noted  that  the  axoplasm  studies  more  nearly  resemble  phys¬ 
iologically  relevant  conditions  than  do  studies  that  examine 
interactions  between  synapsin  I  and  purified  subcellular  com¬ 
ponents.  A  variety  of  other  proteins,  including  myosin  frag¬ 
ments.  calcium-free  gelsolin.  antitubulin  antibodies,  antimyosin 
antibodies,  and  calmodulin  (Brady  et  al.,  1985;  Johnston  et  al.. 
1987;  S.  T.  Brady,  unpublished  observations;  and  this  report), 
had  little  or  no  effect  on  transport,  indicating  that  the  pertur¬ 
bation  of  axonal  transport  by  synapsin  I  was  highly  specific.  In 
support  of  the  specificity  of  the  action  of  synapsin  I  on  transport, 
addition  of  only  2  phosphate  groups  to  the  tail  region  of  the 
synapsin  I  molecule  virtually  abolish  its  inhibitory  effect.  Fur¬ 
thermore.  it  IS  unlikely  that  the  inhibitory  effect  of  dephospho- 
synapsin  I  is  an  artifact  due  to  the  overall  surfactant  (M.  Ho  et 
al..  unpublished  observations)  or  basic  properties  of  the  mole¬ 
cule.  since  phosphorylation  of  synapsin  I  has  no  detectable  effect 
on  its  surface  activity  (M.  Ho  et  al.,  unpublished  observations) 
and  has  only  a  minimal  effect  on  its  isoelectric  point.  In  addition, 
perfusion  of  axoplasm  with  the  basic  protein  avidin  had  no 
detectable  effect  on  movement  of  organelles  (unpublished  ob¬ 
servations). 

Synapsin  I  constitutes  ~0.4%  of  mammalian  cerebral  cortex 
protein  (corresponding  to  approximately  1 .0%  of  total  neuronal 
protein)  (Goelz  et  al..  1981)  and  most  of  the  synapsin  I  appears 
to  be  localized  to  presynaptic  terminals  (De  Camilli  et  al.,  1983a, 
b;  Huttner  et  al..  1983).  Indeed,  synapsin  I  represents  6%  of  the 
total  protein  present  in  synaptic  vesicle  fractions  isolated  from 
nerve  terminal  endings  (Huttner  et  al..  1983).  Squid  axoplasm 
contains  approximately  25  mg/ml  protein  (Morris  and  Lasek. 

1 984);  thus,  the  effective  concentrations  of  synapsin  I  used  in 
the  present  experiments,  namely  1 .3-10  mm.  correspond  to  about 
0. 4-3.0%  of  total  protein  in  the  extruded  axoplasm.  These  con¬ 
centrations  are  probably  higher  than  that  which  exists  in  axons, 
since  synapsin  I  constitutes  only  0.02%  of  total  protein  in  the 
corpus  callosum  (Goelz  etal..  1981).  In  addition,  it  appears  that 
only  a  portion  of  the  synapsin  I  present  in  the  axon  is  associated 
with  vesicles  dunng  their  transport  down  the  axon,  with  the 
remainder  undergoing  slow  axonal  transport  independent  of 
membranous  organelles  (Baitinger  and  Willard.  1987).  Thus. 


the  concentrations  of  synapsin  I  used  in  the  present  experiments 
are  most  likely  reached  only  in  synaptic  terminals  where  syn¬ 
apsin  I  is  specifically  localized.  Therefore,  we  do  not  propose 
that  synapsin  I  regulates  release  by  blocking  fast  axon^  trans¬ 
port.  In  fact  (Llinas  et  al.,  unpublished  observations),  disruption 
of  microtubules  or  axonal  transport  could  not  account  for  the 
inhibition  of  neurotransmitter  release  by  synapsin  I.  Instead, 
we  suggest  that  the  ability  of  synapsin  1  to  block  axonal  transport 
might  reflect  its  ability  to  modulate  organelle  movement  in  the 
nerve  terminal.  Such  modulation  might  involve  regulating  re¬ 
lease  of  the  vesicles  from  the  microtubules,  targeting  the  released 
vesicles  to  a  cytoskeletal  (actin?)  matrix,  or  regulating  detach¬ 
ment  of  the  vesicles  from  such  a  cytoskeletal  matrix. 
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ABSTRACT  The  question  as  to  whether  synaptic  veskles 
prepared  from  vertebrate  brain  can  be  transported  to  the  active 
zones  of  the  squid  giant  synapse  was  studied  by  using  a 
combined  optical  and  electrophysiological  approach.  In  order 
to  vtamlizc  the  behavior  of  the  vertebrate  synaptic  vesidcs  in 
sihi,  synaptic  vesidcs  isolated  fttun  rat  brain  were  iabded  with 
a  fluorescent  dye  (Tezas  red)  and  ipjected  into  the  presynaptic 
terminal  of  the  squid  giant  synapse.  The  pattern  of  fluorescence 
that  would  result  from  pa^ve  diflkisioo  was  determined  by 
caipfection  of  an  uncopjugated  fluorescent  dye  (fluorescein). 
The  patterns  obtained  with  fluorescent  synaptic  vesidcs  were 
strikhigly  different  from  that  obtained  hy  simple  dUlhsion  of 
fluorescein.  Although  the  fluorescein  diflhsed  fredy  in  both 
directions,  the  vesidcs  moved  preferentially  into  the  terminal— 
i.e.,  toward  the  rdeasesitca— at  a  rateof  0.5  fim/sec.  The  final 
dis^ntion  of  the  ipjected  fluorescent  synaptic  vesidcs  dis¬ 
played  a  discrete  localization  that  suggested  a  distribution 
coincident  with  the  active  zones  of  the  presynaptic  tenninai. 
Like  Ihst  azonal  transport,  but  unlike  flnoresodn  movements  in 
the  termiiud,  the  veside  movement  was  energy  dependent, 
since  the  addition  of  2,4-dinitrophenoi  blocked  the  redistribn- 
tion  of  veskles  completdy.  In  addition,  rednetion  of  extracd- 
lular  caldnm  concentration  reversibly  Mocked  vcsknlar  move¬ 
ment  as  wdl.  In  condnsion,  mammalian  synaptic  vesidcs 
retain  the  cytoplasmic  surface  components  necessary  for  trans¬ 
location,  sorting,  and  targeting  to  the  proper  locations  by  the 
native  machinery  of  the  squid  giant  synapse. 


The  movement  and  disposition  of  synaptic  vesicles  (SVs)  in 
presynaptic  terminals  have  been  areas  of  intensive  research 
in  recent  years.  Several  different  lines  of  investigation  have 
led  to  the  conclusion  that  SVs  or  their  precursors  are  deliv¬ 
ered  to  the  presynaptic  terminal  by  fast  axonal  transport  (for 
review,  see  refs.  1  and  2).  Many  questions  remain,  however, 
about  the  fate  of  these  vesicles  during  and  after  transport  to 
the  presynaptic  terminal.  For  example,  how  are  these  vesi¬ 
cles  targeted  to  the  terminal  rather  than  to  the  axonal 
plasmalemma?  What  occurs  once  the  SV  enters  the  presyn¬ 
aptic  terminal:  Do  they  proceed  directly  to  the  junctional 
areas  or  are  they  distributed  stochastically?  Moreover,  what 
effect  does  activity  have  on  these  processes?  Are  the  same 
molecular  motors  involved  in  moving  vesicles  in  the  terminal 
and  in  the  axoplasm?  Answers  to  most  of  these  questions 
have  been  difficult  or  impossible  to  obtain  because  of  limi¬ 
tations  in  the  preparations  and  tools  available  to  researchers. 
A  combination  of  microinjection  and  intracellular  recording 
with  video  microscopy  techniques  has  now  provided  us  with 
the  means  of  addressing  these  fundamental  questions  in  the 
presynaptic  teiminal  of  the  squid  giant  synapse. 

Several  methods  are  now  available  for  preparation  of 
highly  purified  SVs  from  vertebrate  neural  tissue  (3-6). 
These  homogeneous  fractions  can  be  stripped  of  peripheral 


proteins  and  labeled  with  fluorescent  probes  without  losing 
biolt^cal  activity  (neurotransmitter  content  and  enzymatic 
activities).  Previous  studies  with  labeled  SVs  from  vertebrate 
neural  tissue  have  demonstrated  that  once  they  are  intro¬ 
duced  into  isolated  axoplasm  from  squid,  the  labeled  SVs  can 
interact  with  the  motile  machinery  of  fast  axonal  transport 
present  in  the  axoplasm  and  can  then  be  transported  along  the 
endogenous  organelles  (7).  When  the  surface  properties  of 
the  SVs  were  modified  prior  to  injection  into  the  axoplasm, 
the  ability  of  the  SVs  to  move  and  the  directionality  of 
movement  were  affected  (refs.  1  and  7;  S.T.B.  and  L. 
Yamasaki,  unpublished  observations).  The  principle  of  using 
a  heterologous  system  that  combined  SVs  from  vertebrate 
sources  with  molluscan  giant  neurons  and  manipulating  these 
constituent  elements  independently  was  thereby  established 
as  feasible.  However,  this  type  of  preparation  was  primarily 
suited  for  studying  the  molecular  mechanisms  of  fast  axonM 
transport,  particularly  with  regard  to  questions  about  puta¬ 
tive  molecular  motors  (i.e.,  kinesin  or  cytoplasmic  dynein), 
and  could  not  readily  address  questions  about  targeting  or 
function  in  the  terminal. 

Extensive  electrophysiological  studies  of  the  giant  synapse 
have  been  conduct^  to  chanurterize  the  physiological  prop¬ 
erties  of  synaptic  transmission  in  the  squid  (8).  In  most 
respects,  the  squid  giant  synapse  is  a  prototypical  chemical 
synapse  with  the  characteristic  features  of  many  vertebrate 
synapses  such  as  the  vertebrate  neuromuscuUu'  junction. 
However,  the  large  size  and  relative  accessibility  of  the  giant 
synapse  of  the  squid  permit  intracellular  recording  within  the 
tenninai  itself  as  well  as  microiqjection  of  materials  directly 
into  the  presynaptic  terminal  and  adjacent  axonal  regions  (9). 
As  a  result,  the  presynaptic  terminal  of  the  giant  synapse  is 
uniquely  amenable  to  experimental  manipulations  for  explo¬ 
ration  of  the  molecular  mechanisms  underlying  synaptic 
transmission.  The  ability  to  microiqject  matmiais  into  this 
presynaptic  terminal  has  been  particularly  useful  for  exam¬ 
ining  possible  functions  for  specific  proteins  associated  with 
the  terminal.  For  example,  the  injection  of  synapsin  I  has 
allowed  the  study  of  phosphorylation  in  the  modulation  of 
transmitter  availability  (9),  arid  the  injection  of  calcium 
indicators  (10-12)  enabled  the  visualization  of  the  distribu¬ 
tion  of  inward  calcium  current  during  syrutptk  release.  A 
logical  extension  of  these  two  approaches  is  to  iqject  intact 
organelles  into  the  terminal  inst^  of  proteins. 

Microinjection  of  fluorescently  labeled  vertebrate  SVs  into 
the  presynaptic  tenninai  represents  a  powerful  paradigm  for 
understanding  synaptic  function.  The  ability  to  modify  inde¬ 
pendently  the  SV  components  permits  analysis  of  those 
vesicle  components  involved  in  the  movement  of  orgaiwUes 
in  the  terminal,  in  the  targeting  of  organelles  to  the  junctional 
regions,  and  in  the  release  of  neurotransmitter.  The  electro¬ 
physiological  properties  of  the  giant  synapse  can  be  readily 
evaluated  and  continuously  monitored,  so  the  effects  of  an 
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experimental  manipulation  can  be  quantitatively  analyzed, 
while  simultaneously  evaluating  movements  of  the  previ¬ 
ously  injected  fluorescent  SVs.  We  describe  here  the  ATP- 
dependent,  directional  movement  of  vertebrate  SVs  in  the 
presynaptic  terminal  of  the  squid  giant  synapse.  The  present 
set  of  experiments  demonstrates  that  vesicles  injected  into  a 
functional  synapse  are  treated  as  intrinsic  vesicles  and  are 
carried  to  the  site  of  synaptic  release  in  the  presynaptic 
terminal. 

MATERIAL  AND  METHODS 

The  following  work  was  performed  at  the  Marine  Biology 
Laboratory  in  Woods  Hole,  MA.  Reagents  were  obtained 
from  Sigma  unless  otherwise  stated.  The  squid  giant  synapse 
in  the  stellate  ganglion  of  Loligo  pealeii  was  removed  from 
squid  mantle  under  running  seawater  following  standard 
protocol  (13).  Typically,  squid  with  mantle  lengths  between 
7  and  10  cm  were  utilized.  Following  removal  of  the  stellate 
ganglion,  it  was  placed  in  the  recording  chamber,  and  con¬ 
nective  tissue  was  removed  to  allow  presynaptic  and  postsyn- 
aptic  recording  and  to  facilitate  visualization  of  the  presyn¬ 
aptic  terminal.  The  design  of  the  experiment  requires  a  clear 
visualization  of  the  complete  synaptic  terminals,  so  only 
those  stellate  ganglia  having  superficial  presynaptic  terminals 
and  simple  structures  were  chosen.  A  synapse  with  simple 
structure  was  defined  as  having  presynaptic  terminals  that 
ran  longitudinally  over  the  postsynaptic  axons  as  opposed  to 
those  that  either  dive  into  the  ganglion  and  contact  the  lower 
surface  or  those  that  wrap  around  the  postsynaptic  axon.  In 
these  cases,  visualization  of  vesicular  movement  is  very 
much  impaired,  although  electrophysiological  recordings 
could  still  be  feasible.  Preparations  were  perfused  with 
oxygenated,  running  artificial  seawater  to  maintain  viability. 
In  some  experiments,  Ca^^-free  artificial  seawater,  prepared 
by  replacement  of  CaCh  with  MgCU,  was  employed  to 
eliminate  activity. 

Ekctrophysioiogical  Techniques.  Methods  for  electrophys¬ 
iological  studies  were  essentially  as  described  previously 
(13).  The  presynaptic  terminal  was  stimulated  with  extracel¬ 
lular  electrodes  located  in  the  presynaptic  bundle,  and  intra¬ 
cellular  recordings  were  obtained  at  the  presynaptic  terminal 
near  the  point  of  entry  of  the  presynaptic  axon  into  the 
ganglion,  prior  to  its  ramification  into  the  presynaptic  digits. 
Intracellular  recordings  were  required  to  characterize  the 
presynaptic  terminal,  to  assess  its  viability,  and  to  check  its 
ability  to  maintain  a  proper  resting  potential  during  the 
injection  procedure.  The  identification  of  the  presynaptic 
terminal  could  also  be  obtained  optically  as  the  injection  of 
presynaptic  dye  immediately  outlined  the  shape  of  the  pre¬ 
terminal. 

Preparation  and  Ipjccthm  of  Fhwreacent  Vertebrate  SVs. 
Synaptosomal  fractions  were  prepared  from  rat  cortex,  and 
SVs  were  purified  from  these  synaptosomes  by  using  a  minor 
modification  of  the  method  of  Huttner  et  al.  (5).  Following 
purification.  33-tig  samples  of  SVs  were  resuspended  in  200 
p\  of  precleared  Texas  red  (Molecular  Probes)  in  labeling 
buffer  (0.67  mg  of  Texas  red  per  ml/0.4  M  NaCI/10  mM 
Hepes,  pH  7.4/10  mM  EGTA)  and  incubated  for  4  hr  at  4°C. 
This  step  removes  peripheral  proteins  and  labels  integral 
membrane  proteins  of  the  vesicle  fraction.  Following  label¬ 
ing,  the  Texas  red  SVs  (TRSVs)  were  pelleted  by  a  15-min 
spin  at  260,000  x  ^  in  a  Beckman  TL-100  ultracentrifuge  and 
washed  several  times  by  resuspension  into  labeling  buffer 
without  Texas  red.  TRSVs  could  then-be  stored  as  aliquots 
either  at  -80°C  for  4-8  wk  or  on  ice  for  up  to  10  days.  Prior 
to  use.  TRSVs  were  pelleted,  washed,  and  resuspended  in 
injection  buffer  (0.1  M  potassium  aspartate/10  mM  Hepes. 
pH  7  .2).  Previous  studies  had  shown  that  this  treatment  does 


not  interfere  with  the  ability  of  TRSVs  to  move  in  fast  axonal 
transport  (7). 

Unconjugated  fluorescein  was  added  to  the  injection  fluid 
along  with  the  TRSVs  so  that  two  fluorescent  dyes  were 
simultaneously  injected.  The  fluorescein  served  several  im¬ 
portant  functions.  It  was  utilized  as  a  control  for  the  diffusion 
of  any  nonvesicular  components  and  defined  the  morphology 
of  the  terminals  and  adjacent  axon.  In  addition,  the  fluores¬ 
cein  provided  a  measure  of  the  relative  thickness  in  different 
regions  of  the  presynaptic  terminal  and  axon.  The  choice  of 
unconjugated  fluorescein  as  the  second  dye  was  made  on  the 
basis  of  two  criteria.  (/)  Fluorescein  and  Texas  red  have 
sufficiently  different  excitation  and  emission  wavelengths  so 
that  the  two  dye  distributions  could  be  compared  at  all  times 
by  switching  Alters  and  that  observation  at  one  wavelength 
would  not  contribute  to  bleaching  for  the  other  fluorochrome. 
(ii)  Fluorescein  did  not  signiflcantly  interact  with  other 
structures  of  the  presynaptic  terminal  (SVs,  plasmalemma, 
cytoskeletal  structures,  etc.). 

Injection  of  TRSVs  and  fluorescein  solutions  into  the 
presynaptic  terminal  were  accomplished  by  using  carefully 
beveled  micropipettes.  The  beveling  st^  was  crucial  as 
vesicular  materi^  was  difficult  to  inject  if  the  micropipette 
opening  was  not  large  enough.  Conversely,  a  very  l^e 
micropipette  opening  invariably  leads  to  presynaptic  terminal 
death,  due  to  the  influx  of  seawater,  with  a  consequent 
disruption  of  synaptic  organization  and  paralysis  of  vesicular 
mobility.  Two  important  parameters  were  taken  into  consid¬ 
eration:  (i)  to  bevel  the  electrode  with  an  angle  sufflciently 
steep  in  order  to  combine  a  low  resistance  (<1  MH)  with  a 
diameter  sufflciently  small  so  as  to  prevent  injury  to  the 
presynaptic  terminal  and  (ii)  to  ensure  good  suspension  of 
SVs,  as  they  tend  to  aggregate  and  form  large  masses  that 
could  prevent  iqjection  by  blockage  of  the  electrode.  If 
injected,  these  ag^gated  vesicular  masses  exhibited  a  gen¬ 
eral  lack  of  mobility.  The  actual  injection  was  performed  by 
use  of  pressure  pulses.  These  pulses  had  a  duration  of 
1(X)-150  msec  and  the  pressure  varied  firom  20-3S  psi  (1  psi 
=  6.89  kDa). 

Microscopic  Techniques.  The  fluorescence  was  imaged  by 
using  a  X 10  objective  with  an  optical  aperture  of  0.22,  which 
provided  images  to  a  double  microchannel  plate  image  in- 
tensifler  coupled  to  a  videcon  camera  (C19^20  VIM  Sys¬ 
tem:  Hammamatsu  Photonics).  This  system  allowed  the 
visualization  of  fluorescence  at  extremely  low  light  levels. 
Though  fine  structures  could  not  be  resolved  by  using  this 
optic,  this  system  gave  excellent  images  of  the  bulk  of  the 
injected  material  in  the  interior  of  the  presynaptic  terminal. 
The  image  was  then  fed  to  an  image  processor  (C1966; 
Hammamatsu  Photonics),  which  allowed  a  variety  of  image 
enhancements,  including  a  running  average  of  fluorescence, 
the  subtraction  of  background,  and  greyscale  or  pseudocolor 
manipulations.  Fluorescent  images  were  also  recorded  di¬ 
rectly  on  video  tape  using  a  conventional  VHS-type  video¬ 
cassette  recorder,  and  the  taped  image  was  used  for  further 
analysis  after  the  experiment.  The  fluorescent  inrages  were 
then  displayed  either  as  grey  level  images  or  using  pseudo¬ 
color  to  emphasize  fluorescent  profile  of  injected  materials. 

RESULTS 

Movement  of  TRSVs  in  the  Presynaptic  Terminal  of  the 
Squid  Giant  Synapse.  After  the  pressure  injection  of  presyn¬ 
aptic  vesicles,  SVs — i.e.,  Texas  red  fluorescence — were 
eventually  distributed  throughout  the  terminal  area  and  out¬ 
lined  the  complete  structure  of  the  synapse  (Fig.  1).  Similar 
results  were  obtained  in  four  additional  experiments.  The 
image  in  Fig.  1  was  taken  SO  min  after  the  initi^  injection.  The 
injection  site  was  located  at  the  base  of  the  upward  pointing 
digit  (arrow).  It  is  clear  from  the  illustration  that  the  vesicles 
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Fig.  1.  Distribution  of  SVs  in  the 
squid  giant  synapse.  This  image  high- 
li^ts  the  distribution  of  Texas  red 
fluorescence— i.e.,  the  SVs— 50  min 
after  the  initial  TRSV  and  fluorescein 
coinjection.  The  density  of  the  fluo¬ 
rescence  is  not  uniform  over  the  en¬ 
tire  synapse.  Instead,  the  distal  por¬ 
tions  of  the  digits  have  higher  density 
and  indicate  a  higher  concentration  of 
the  TRSVs.  The  injection  site  was 
located  at  the  base  of  the  upward 
pointing  digit  (arrow),  which  con¬ 
tained  three  branchlettes.  By  con¬ 
trast,  coinjected  fluorescein  never 
concentrated  in  any  portions  of  the 
presynaptic  termini. 


Fig.  2.  Distribution  of  fluorescein 
and  TRSV  at  different  times  after  the 
initial  injection.  These  images  were 
obtained  from  the  same  synapse  as 
that  in  Fig.  1  and  have  the  same 
orientations.  The  fluorescein  distribu¬ 
tion  10  min  after  the  injection  (M)  was 
mostly  in  the  main  trunk  of  the  syn¬ 
apse  and  the  axon.  The  latter  corre¬ 
sponds  to  the  area  toward  the  right  of 
the  upward  pointing  digit.  The  TRSV 
distribution  (fi)  has  a  similar  distribu¬ 
tion  except  that  it  is  more  restricted. 
The  injection  sites  are  indicated  by 
arrows.  A  clear  difference  in  the  dis¬ 
tribution  of  TRSV  and  fluorescein 
was  observed  27  min  after  the  initial 
injection  (C  and  D).  These  images 
were  taken  under  a  higher  magnifica¬ 
tion  than  that  shown  in  A  and  B,  and 
the  terminal  region  to  the  left  is  not 
included.  Due  to  prolonged  diffusion, 
the  fluorescein  density  is  relatively 
low  (C)  such  that  its  profile  is  smaller 
than  the  actual  size  of  the  synapse, 
which  is  better  delineated  by  the  dis¬ 
tribution  of  TRSVs  (D).  In  contrast  to 
the  distribution  of  fluorescein, 
TRSVs  move  along  the  terminal  digit 
“purposefully"  and  penetrate  deep 
into  the  branches  (D).  The  distance 
that  TRSVs  travel  along  the  digit  is  far- 
longer  than  that  on  the  retrograde 
direction — i.e.,  to  the  right. 


Fig.  4.  Vesicular  movement  is  en¬ 
ergy  dependent.  In  the  pi^nce  of 
0.66  mM  DNP,  the  distribution  of 
TRSV  remained  unchanged  33  min 
after  injection  (B),  whereas  fluores¬ 
cein  faded  away  rapidly  after  the  ini¬ 
tial  injection.  Terminal  digits  pointing 
toward  the  left  in  this  preparation 
were  not  invaded  by  TRSVs.  The 
picture  in  A  was  taken  shortly  after  a 
second  injection  to  highlight  the  initial 
distribution  of  fluorescein. 


^  only  moved  anterogradeiy  as  there  was  virtually  no  fluores¬ 
cence  in  the  axon  to  the  right.  Furthermore,  the  SVs  were 
preferentially  concentrated  in  the  areas  corresponding  to 
synaptic  junctions— i.e.,  the  last  few  hundred  microns  of  the 
digits.  In  the  case  of  the  terminal  digit,  the  horizontal  one  on 
tiie  left,  the  vesicular  material  was  seen  to  cover  a  large 
portion  of  the  digit  but  was  less  concentrated  near  its  base. 
The  density  of  fluorescence  in  this  digit  is  not  entirely 
uniform,  not  unlike  that  observed  from  direct  measurement 
of  calcium  entry  using  Fura  II  (12),  and  suggests  a  correlation 
with  the  localized  distribution  of  the  active  zones  in  the 
terminal. 

In  order  to  provide  a  chronological  description  of  the 
vesicular  movement  in  the  presynaptic  arbor  illustrated  in 
Fig.  1,  the  distribution  of  fluorescence  observed  at  earlier 
times  after  the  injection  is  illustrated  in  Fig.  2.  The  initial 
distributions  of  the  fluorescein  (Fig.  2A)  and  the  Texas  red 
(Fig.  2ft)  fluorescence  provide  a  direct  measure  of  the 
location  of  the  injected  presynaptic  vesicles  within  the  ter¬ 
minal.  This  image  was  t^en  10  min  after  the  injection  of  a 
10-pl  volume  of  fluid  containing  TRSVs  (0.44  mg/ml),  fluo¬ 
rescein  (0.14  mg/ml),  and  ATP  (14  mM)  in  injection  buffer. 
Following  the  initial  injection,  the  presynaptic  electrode  was 
removed  and  the  movement  of  vesicles  was  monitored  by 
using  the  epifluorescence  microscopy  system. 

As  illustrated  in  Fig.  2ft,  the  TRSYs  were  still  l^ely 
confined  to  the  general  area  of  injection  at  10  min,  while  the 
fluorescein  had  clearly  diffused  beyond  the  original  injection 
site,  moving  both  proximally  and  distally .  After  a  period  of  27 
min,  much  of  the  fluorescence  associated  with  the  injected 
fluorescein  had  diffused  away  and  consequently  outlined  an 
image  smaller  than  the  actual  size  of  the  synapse  (Fig.  20. 
In  contrast,  movement  of  TRSVs  during  the  last  17  min 
covered  a  distance  of  «500  fit measured  from  injection  site 
to  the  tip  of  right  branch  (Fig.  2D).  This  measurement 
provides  a  transport  rate  of  0.5  Atm/sec.  By  comparison,  fast 
axonal  transpon  in  the  isolated  axoplasm  has  an  average  rate 
of  1.9  Axm/sec  in  the  anterograde  direction  and  1.3  /um/sec  in 
the  retrograde  direction.  Instead  of  measuring  the  rate  of 
fluorescent  vesicular  movement  by  direct  observation  of 
individual  vesicles  (7),  our  imaging  system  only  allowed  us  to 
estimate  the  transport  rate  by  the  movement  of  fluorescence 
boundary.  This  approach  provided  a  lower  limit  of  the 
transport  rate  because  the  criterion  for  defining  the  boundary 
was  to  find  a  line  where  there  was  an  abrupt  change  in  the 
fluorescence  density.  By  this  criterion,  there  was  clearly 
weak  fluorescence  beyond  the  line  but  change  in  fluorescence 
density  was  too  gradual  to  provide  a  consistent  boundary 
definition.  A  quantitative  description  of  TRSV  movement, 
measured  from  the  same  synapse  as  that  of  Figs.  1  and  2,  is 
illustrated  in  Fig.  3,  where  the  movements  to  the  terminal 
digit  (square)  and  to  the  upward-pointing  digit  (circle)  were 
plotted  separately.  The  linear  fits  provide  a  transport  rate  of 
0.5  and  0.4  Aim/sec.  respectively. 

Movement  of  TRSVs  was  prrferential  in  the  anterograde 
direction.  In  fact.  TRSVs  were  always  observed  to  advance 
into  the  digits  and  to  concentrate  in  the  distal  portions  of  the 
presynaptic  terminals,  there  being  essentially  no  detectable 
fluorescence  in  the  retrograde  direction.  A  clear  demonstra¬ 
tion  of  this  point  can  be  seen  in  Fig.  2D,  where  the  distance 
of  Texas  red  distribution  into  the  digit  is  far  longer  than  that 
into  the  larger  proximal  part  of  the  axon  (toward  the  right). 

In  contrast,  injected  fluorescein  diffused  quickly  both 
forward  into  the  presynaptic  terminal  and  back  into  the 
proximal  portion  of  the  presynaptic  axon.  As  a  result,  the 
fluorescein  signal  soon  became  widely  distributed  and  thus 
attenuated.  In  fact,  qualitatively  the  largest  movement  of 
fluorescein  occurred  in  the  retrograde  direction,  reflecting 
the  larger  sink  for  diftusion. 
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Fig.  3.  Rate  of  vesicular  movement.  The  measurements  were 
obtained  from  the  same  synapse  as  that  in  Fig.  1.  TRSV  fluorescence 
movement  in  the  horizontal  direction  (■)— i.e.,  toward  the  terminal 
digit  to  the  left— and  in  vertical  direction  (•) — i.e.,  into  the  pointing 
digit— are  plotted  in  the  same  graph.  The  distances  were  measured 
upward  from  the  injection  site  to  the  boundary  of  fluorescence  (see 
text).  The  straight  lines  are  the  linear  regression  fits  for  each 
direction.  The  data  points  do  not  start  at  zero  distance  because  the 
fluorescence  distribution  covered  a  significant  area  instantaneously; 
presumably  it  was  forced  by  the  pressure  applied  through  the 
injection  electrode. 

Dislrilwidon  of  Labeled  SVs  FoUowiag  inhflttrina  of  ATP 
Synthesis.  In  order  to  determine  whether  the  movement 
required  ATP,  2,4-dinitrophenol  (DNP)  (0.66  mM)  was  added 
to  the  extracellular  fluid  in  place  of  the  ATP.  This  has  been 
shown  to  produce  a  total  blockage  of  axonal  transport  (14, 
15).  If  the  movement  of  presynaptic  vesicles  in  the  terminals 
were  to  be  an  active  process,  dependent  on  ATP,  then 
inhibition  oi  ATP  synthesis  should  block  the  redistribution  of 
TRSVs  as  it  blocks  fast  axonal  transport.  Coiiqection  of 
TRSVs  and  fluorescein  with  DNP  demonstrated  that  al¬ 
though  distribution  of  material  due  to  passive  diffusion  (flu¬ 
orescein)  was  not  modified  by  the  treatment,  the  redistribu¬ 
tion  of  SVs  did  not  occur  following  inhibition  of  axonal 
transport  (see  Fig.  4).  Specifically,  the  fluorescein  fluores¬ 
cence  typically  faded  away  rapidy  and  required  multiple 
injections  to  outline  the  profile  of  the  synapse  (Fig.  4A), 
whereas  TRSV  distribution  remained  stationary  even  after 
multiple  iitjections  (Fig.  4ft).  These  experiments,  which  were 
repeated  three  times,  demonstrated  no  movement  of  vesicles 
for  periods  up  to  40  min  after  iqjecuon. 

DbtribaliM  of  Labeled  SVs  FoOowtaig  the  Removal  of  Extra- 
celhilar  Cakhna.  Extracellular  calcium  was  removed  fivm 
the  bathing  medium  to  evaluate  its  role  on  the  movement  of 
TRSVs  in  a  series  of  experiments  similar  to  those  described 
in  previous  sections.  In  this  case,  the  extracellular  calcium 
was  removed  from  the  bathing  medium  from  the  time  of  fine 
dissection  in  the  recording  chambers  for  a  period  of  at  least 
30  min  prior  to  iqjections  of  TRSVs  and  fluorescein.  After 
this  treatment,  the  extracellular  calcium  concentration  was 
sufficiently  low  to  prevent  transmitter  release,  although 
presynaptic  action  potentials  still  exhibited  a  normal  ampli¬ 
tude.  As  a  result  of  this  treatment,  repeated  in  four  synapses, 
no  movement  of  TRSVs  away  from  the  initial  site  of  ipjection 
could  be  detected.  The  movement  of  TRSVs  under  these 
conditions  of  low  extracellular  esdeium  resembled  those 
following  blockage  of  axonal  transport  by  DNP.  Further¬ 
more.  in  three  of  these  four  experiments,  partial  or  complete 
movement  of  the  TRSVs  could  be  recovered  when  the 
extracellular  calcium  concentration  was  raised  to  10  mM.  By 
contrast,  removal  of  intracellular  calcium  in  the  axoplasm  by 
perfusion  with  buffers  containing  as  much  as  l(>-20  mM 
EGTA  had  no  detectable  effect  on  the  transport  of  organelles 
in  fast  axonal  transpcHt  (14-16). 


DISCUSSION 

The  results  described  above  indicate  that  manunalian  SVs 
moved  when  injected  into  the  axoplasm  of  the  squid  giant 
synapse.  Furihermore,  the  vesicles  were  specifically  trans¬ 
ported  to  the  site  of  synaptic  release.  The  rate  and  direction¬ 
ality  of  this  movement  are  consistent  with  the  view  that 
movement  occurs  via  the  normal  transport  systems  of  the 
presynaptic  terminal.  In  some  respects,  this  movement  bears 
a  certain  resemblance  to  vesicle  movement  due  to  fast  axonal 
transport  obtained  in  isolated  axoplasm  (1,  14,  15). 

As  in  the  isolated  axoplasm,  TRSVs  in  the  presynaptic 
terminal  move  preferentially  in  the  anterograde  direction  and 
in  an  ATP-dependent  fashion.  When  the  injection  electrode 
was  located  near  the  base  of  the  distal-most  digit,  SVs  were 
seen  to  move  toward  that  digit  alone,  again  suggesting  that 
vesicular  movement  is  preferentially  in  an  anterograde  di¬ 
rection.  There  are,  however,  some  differences.  For  example, 
the  average  velocity  of  movement  for  fluorescent  vesicles  in 
the  terminal  is  only  0.5  /um/sec  as  compared  to  1.9  pim/sec 
for  fast  axonal  transport  in  the  anterograde  direction.  Several 
mechanisms  might  be  invoked  to  explain  all  or  part  of  this 
apparent  reduction  in  velocity.  These  include  differences  in 
the  methods  used  for  rate  measurement  in  the  two  prepara¬ 
tions  (i.e.,  movement  of  large  groups  of  organelles  as  op¬ 
posed  to  movement  of  individual  organelles),  differences 
between  the  cytoskeleton  of  the  terminal  regions  and  the 
axoplasm,  and  multiple  mechanisms  for  movement  in  the 
terminal.  Another  difference  is  that  the  reduction  of  extra¬ 
cellular  calcium  seems  to  completely  block  the  movement  of 
TRSVs  in  the  presynaptic  terminal,  but  fast  axonal  transport 
appears  unaffected  by  low  calcium  levels  (14-16).  Some 
investigators  have  reported  inhibition  of  fast  axonal  transport 
following  application  of  a  calcium  channel  blocker  (17)  or 
inhibitors  of  calmodulin  (18).  Such  differences  may  reflect 
either  an  effect  of  the  extracellular  calcium  on  a  regulatory 
process  in  the  terminal  (and  possibly  the  axon)  or  the  fact  that 
cytoskeletal  organization  is  primarily  actin  microfllaments  in 
the  presynaptic  terminal  as  opposed  to  microtubules  and 
neurofllaments  in  the  axon.  The  extent  to  which  vesicle 
movements  in  the  terminal  regions  are  homologous  to  fast 
axonal  transport  remains  to  be  determined,  but  study  of  the 
movements  of  vertebrate  SVs  in  the  squid  giant  presynaptic 
terminal  should  permit  elucidation  of  the  underlying  molec¬ 
ular  mechanisms  of  vesicle  movements  in  the  terminal. 

A  striking  feature  of  the  redistribution  of  TRSVs  in  these 
studies  is  the  specificity  of  targeting.  No  gross  unevenness  of 
vesicular  distribution  among  the  terminal  digits  was  ob¬ 
served,  suggesting  that  the  base  of  the  terminal  arborization 
is  a  strategic  site  for  injection  that  allows  vesicular  distribu¬ 
tion  to  all  presynaptic  digits.  The  mechanisms  for  sorting  and 
targeting  of  end^enous  vesicles  in  the  presynaptic  terminal 
appear  to  function  equally  well  on  the  inject^  vertebrate 
TOSVs.  Apparently  the  information  required  for  sorting  and 
targeting  must  be  present  on  the  vesicles  themselves  and  is 
sufficiently  well  conserved  to  be  operational  even  when 
mammalian  SVs  are  directed  by  the  molluscan  presynaptic 
terminal.  Systematic  modification  of  the  vesicle  surface  prior 
to  injection  should  permit  identification  of  the  vesicle  surface 
features  that  determine  the  targeting  and  sorting  of  SVs  in  the 
presynaptic  terminal.  Similar  studies  have  already  deter¬ 
mined  that  certain  protein  components  of  the  vesicles  affect 
the  directionality  of  transport  in  axonal  transport  (7). 

The  fact  that  agents  known  to  block  axonal  transport  or  to 
interfere  with  synaptic  release  were  also  capable  of  modifying 


vesicular  movement  indicates  that  the  movement  of  TRSVs 
is  well  correlated  with  vesicular  movement  in  the  presynaptic 
terminal  per  se.  SVs  appear  to  move  only  when  the  preter¬ 
minal  is  fhlly  functional  and  capable  of  releasing  transmitter. 
This  is  to  be  expected  if  the  vesicle  movements  do  relate  to 
the  mechanisms  of  transport,  sorting,  and  release.  Moreover, 
it  is  probable  that  the  final  distribution  of  vesicular  material 
in  these  experiments  concerns  not  only  the  actual  accumu¬ 
lation  of  vesicles  but  also  the  apposition  of  vesicles  onto  the 
presynaptic  axolemma.  These  experiments  not  only  demon¬ 
strate  that  presynaptic  vesicles  move  in  the  proper  direction 
and  accumulate  in  appropriate  locations  but  ^so  suggest  that 
the  system  may  in  fact  allow  the  vesicles  to  fuse  with  the 
membrane  of  the  presynaptic  terminal. 

The  small  size  and  inaccessibility  of  most  presynaptic 
terminals  have  hindered  studies  on  the  molecular  mechanism 
of  synaptic  release  and  associated  phenomena.  A  similar 
impasse  had  been  reached  in  the  study  of  molecular  mech¬ 
anisms  of  fast  axonal  transport  prior  to  the  application  of 
video  microscopy  imaging  methods  to  the  study  of  fast  axonal 
transport  in  the  isolated  axoplasm  (14, 15).  The  result  was  the 
discovery  of  a  new  class  of  mechanochemical  enzymes,  the 
kinesins  (19,  20).  Analyses  of  the  movements  of  vertebrate 
SVs  in  the  presynaptic  terminal  of  the  squid  giant  axon  using 
a  combination  of  electrophysiological  and  video  microscopic 
methods  promise  to  provide  comparable  insights  into  the 
molecular  mechanisms  of  synaptic  release  and  transport  of 
vesicles  in  the  presynaptic  terminal. 
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ABSTRACT  A  Ca^'''-cluniiel  blocker  derived  from  funnel* 
web  spider  toxin  (FTX)  has  made  it  possible  to  define  and  study 
the  ionic  channels  responsihle  for  the  Ca^'*'  conductance  in 
mammalian  Purkiqje  cell  neurons  and  the  preterminal  in  squid 
giant  synapse.  In  cerebellar  slices,  FTX  blocked  Ca^'''-depen- 
dent  spikes  in  Purkiitje  cells,  reduced  the  spike  aflerpotential 
hyperpolarization,  and  increased  the  Na'*' -dependent  plateau 
potential.  In  the  squid  giant  synapse,  FTX  blocked  synaptic 
transmission  without  affecting  the  presynaptic  action  potential. 
Presynaptic  voltage-clamp  results  show  blockage  of  tte  inward 
Ca^'*'  current  and  of  transmitter  release.  FTX  was  used  to 
isolate  channels  from  cerebellum  and  squid  optic  lobe.  The 
isolated  product  was  incorporated  into  black  lipid  membranes 
and  was  analyzed  by  using  patch-damp  techniques.  The 
channel  from  cerebellum  exhibited  a  10-  to  12-pS  co^uctance 
in  80  mM  Ba^'*'  and  S-8  pS  in  100  mM  Ca^*^  with  voltage- 
dependent  open  probabilities  and  kinetics.  High  Ba^'*'  concen- 
tratioos  at  the  cytoplasmic  side  of  the  channel  increased  the 
average  open  time  from  1  to  3  msec  to  more  than  1  sec.  A 
similar  channel  was  also  isolated  from  squid  optk  lobe. 
However,  its  conductance  was  higher  in  Ba^'^,  and  the  maxi¬ 
mum  opening  probability  was  about  half  of  that  derived  from 
cerebellar  tissue  and  alw  was  sensitive  to  high  cytoplasmic 
Ba^'^.  Both  channels  were  blocked  by  FTX,  Cd^'*',  and  Co^'^  but 
were  not  blocked  by  «o-conotoxin  or  dibydropyildines.  These 
results  suggest  that  one  of  the  main  Ca^*^  conductances  in 
mammalian  neurons  and  in  the  squid  preterminal  represent 
the  activation  of  a  previously  undefined  class  of  Ca^'*'  channel. 
We  propose  that  it  be  termed  the  “P”  channd,  as  it  was  first 
desarib^  in  Purkiqje  celb. 

While  different  Ca^^-channel  blockers  have  been  described 
in  past  years  (1),  a  true  blocker  for  the  main  Ca^^-dependent 
action  potential  in  mammalian  and  in  some  molluscan  neu¬ 
rons  had  not  been  encountered.  This  lack  of  a  suitable 
blocker  suggested  that  at  least  one  of  the  main  Ca^^  conduc¬ 
tances  present  in  the  central  nervous  system  (CNS)  does  not 
belong  to  the  categories  proposed  by  Tsien  and  co-workers 
(2,  3),  as  those  channels  respond  quite  specifically  to  dihy- 
ropyridines  and  a^conotoxins.  The  use  of  funnel-web  spider 
toxin  (FTX)  as  a  CNS  Ca^'^-channel  blocker  was  first 
described  in  Purkinje  cells,  where  it  blocked  dendritic  spiking 
(4).  At  that  time  the  fragment  utilized  was  known  as  AC}1  and 
was  obtained  from  Bioactives  (Salt  Lake  City,  UT).  Because 
of  the  variability  in  the  blocking  observed,  we  attempted  to 
isolate  the  main  factor  involved  in  this  blockage  from  crude 
venom.  We  report  here  on  the  specific  neuronal  Ca'"- 
channel  blocking  properties  of  FTX  and  its  use  in  the 
isolation  of  functional  channels,  which  we  have  studied  in  the 
black  lipid  membranes.  That  the  Ca^^-channel  blocking 
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fraction,  which  we  call  FTX,  is  different  from  that  initially 
described  as  AGl  relates  to  its  molecular  mass  as  determined 
chromatographically,  which  is  one-fifth  that  of  AGl,  and  its 
high  affinity  for  Ca^^  conductance  both  in  the  mammalian 
CNS  and  the  squid  giant  synapse.  Some  of  these  results  have 
been  presented  as  short  communications  (4-7). 

MATERIALS  AND  METHODS 

Electrophysiological  Techniques.  The  methods  utilized  for 
the  brain  slice  work  on  the  cerebellum  and  for  the  giant 
synapse  are  the  same  as  those  described  in  previous  papers 
from  our  laboratory  (8,  9).  Purkinje  cell  recordings  were 
obtained  from  in  vivo  adult  guinea  pig  cerebellar  slices.  These 
cells  were  impaled  at  either  the  soma  or  the  dendrites. 
Electrical  excitability  of  the  cell  was  determined  by  direct 
stimulation  of  the  neurons.  Sodium  conductances  were 
blocked  by  using  tetrodotoxin  (TTX). 

The  experiments  on  the  squid  {Loligo  Pealeii)  giant  syn¬ 
apse  were  performed  at  the  Marine  Biological  Laboratory 
(Woods  Hole,  MA).  Pre-  and  postsynaptic  recordings  from 
the  giant  synapse  were  utilized  to  test  the  action  of  FTX  on 
synaptic  transmission,  and  presynaptic  voltage-clamp  was 
used  to  determine  the  effect  of  the  toxin  fraction  on  the 
inward  presynaptic  Ca^^  current  and  on  synaptic  transmitter 
release  in  the  absence  of  action  potentials. 

Toxin.  Crude  venom  from  American  fiinnel-web  spiders, 
including  Agelenopsis  aperta,  Hololina  curta,  and  Calilena, 
was  obtained  commercially  (Spider  Pharm,  Black  Canyon, 
AZ).  FTX,  a  factor  with  a  molecular  mass  in  the  200-  to  400- 
Da  range,  was  purified  chromatographically  from  the  venom. 
We  estimate  the  concentration  of  toxin  used  to  block  Ca^*^ 
conductance  to  be  subtnicromolar,  based  on  the  elution 
profile  (ODzm)  of  the  FTX  fraction  on  column  chromatogra¬ 
phy  and  the  dilution  factors  of  the  chamber. 

Affinity  Gd  Construction.  Purified  toxin,  the  activity  of 
which  h^  been  previously  verified,  was  coupled  to  Sepha- 
rose  4B  via  1,4-butanediol  diglycidyl  ether.  The  purified  toxin 
obtained  from  100  p\  of  the  A.  aperta  venom  was  treated  with 
SO  ml  of  the  spacer-attached  gel  to  form  the  final  affinity  gel. 

Biocbemkal  Methods.  Animals.  Adult  Hartley  guinea  pigs 
(400-600  g)  were  decapitated  with  a  small-animal  guillotine 
under  sodium  pentobarbital  (Nembutal,  40  mg/kg,  i.p.) 
anesthesia.  A  rapid  craniotomy  was  performed  to  remove  the 
squamous  portion  of  the  occipital  bone.  The  cerebellum  was 
then  separated  from  the  brainstem  and  placed  in  ice-cold  400 
mM  sucrose/5  mM  Tris*HCl,  pH  7.4/0. 1%  phenylmethyl- 
sulfonyl  fIuorjde/0.1%  bacitracin/5  mM  EDTA  containing 
approximately  2  units  of  aprotinin  per  ml. 

Adult  squid  {Loligo  Pealeii)  with  a  10-  to  13-cm  mantle  size 
were  decapitated,  and  the  optic  lobe  was  excised  and  rapidly 
frozen  in  liquid  nitrogen. 

Abbreviations:  FTX,  fiinnel-web  spider  toxin;  TTX,  tetrodotoxin. 

1689 


.  Purification  Procedure.  Published  protocols  for  the  affinity 

purification  of  membrane  proteins  (10)  were  followed  for  the 
isolation  of  the  toxin-binding  components  of  the  cerebellar 
and  optic  lobe  membranes.  The  membrane  pellet  was  resus¬ 
pended  to  a  concentration  of  20  mg  of  protein  per  ml  into  100 
mM  sodium  citrate,  pH  7.4/  3%  sodium  choleate  to  solubilize 
the  membrane  protein  in  a  Dounce  homogenizer.  The  solu¬ 
tion  was  stirred  overnight  at  4°C  and  centrifuged  at  47,000  x 
g  for  30  min;  the  supernatant  was  filtered  under  vacuum.  The 
resulting  filtrate  was  then  subjected  to  affinity  chromatogra¬ 
phy.  The  solution  containing  the  solubilized  membrane 
protein  was  allowed  to  react  batchwise  with  20  ml  of  the 
toxin-Sepharose  gel  by  gently  stirring  overnight  at  4‘‘C.  The 
gel  was  separated  from  the  detergent  solution  by  vacuum 
filtration.  The  resulting  gel  cake  was  resuspended  into  20  ml 
of  1 M  CaCl2/l%  sodium  choleate/ 10  mM  Hepes,  pH  7.4,  and 
was  stirred  for  2  hr  at  4°C.  The  suspension  was  then  filtered, 
and  the  filtrate  was  retained.  The  elution  procedure  was 
repeated  a  second  time,  and  the  resulting  filtrates  were 
combined.  The  volume  of  the  solution  was  reduced  by 
dialysis  against  polyethylene  glycol  35,000  (Merck).  The 
protein-containing  concentrate  was  desalted  on  a  1.0  x  25  cm 
column  of  Sephadex  G-25  equilibrated  with  100  mM  Hepes 
(pH  7.4)  and  was  dialyzed  extensively  against  400  mM 
sucrose/10  mM  Hepes,  pH  7.4.  Samples  were  taken  at  each 
step  of  the  procedure  for  determination  of  protein  by  the 
Br^ford  assay  (11).  The  product  obtained  with  this  proce¬ 
dure  typically  had  a  final  yield  of  0.0005%  or  less,  consistent 
with  the  purification  of  a  membrane  protein  such  as  an  ionic 
channel. 

Cai^* -Channel  Reconstitution  and  Recording.  The  purified 
protein  was  reconstituted  into  lipid  vesicles  by  using  a  4:1 
mixture  of  phosphatidylethanolamine/phosphatidylcholine 
(Sigma)  in  4()0  mM  sucrose  formed  by  the  sonicatiori-dialysis 
procedure  of  Racker  (12,  13).  After  vesicle  formation,  the 
dialysate  was  applied  to  a  1.0  x  35  cm  column  of  Sephadex 
G-25,  and  the  void  volume  was  collected.  The  resulting 
vesicle  suspension  was  used  for  the  bilayer  studies. 

The  functional  activity  of  the  reconstituted  protein  was 
studied  by  using  the  lipid  bilayer  technique.  Vesicles  con¬ 
taining  affinity-gel-processed  protein  were  fused  to  a  planar 
lipid  bilayer,  and  the  electrical  activity  was  determined. 
Bilayers  were  formed  on  two-pull  micropipettes  with  opening 
diameters  near  1  ftm  by  using  a  lipid  solution  composed  of  a 
3:1  mixture  of  phosphatidylcholine/phosphatidylethanol- 
amine  (Avanti  Polar  Lipids).  Voltage  was  applied  via  the 
micropipette  by  using  a  Oagan  89(X)  patch/whole-cell  clamp 
with  a  10-Gn  head  stage  (Dagan  Instruments,  Minneapolis). 


The  bathing  solution  was  held  at  ground.  Data  obtained  in  the 
channel  studies  were  amplified  to  a  level  of  500  mV/pA,  and 
the  membrane  current  was  recorded  on  an  HP  3960  FM 
instrumentation  recorder  for  subsequent  analysis.  Data  were 
Altered  at  1  kHz  and  were  digitized  at  2500  or  5000  samples 
per  sec.  The  digitized  records  could  then  be  viewed  on  a 
computer-generated  display,  and  amplitude  and  open-time 
and  closed-time  distributions  were  obtained. 

RESULTS 

The  Effect  of  FTX  on  the  Intact  Mouse.  The  activity  of  the 
toxin  fraction  was  tested  on  mice.  The  results  indicate  that  for 
a  30-g  mouse,  a  S-nl  i.p.  injection  of  a  solution  diluted  1:9 
from  the  spider  venom  fraction  produced  death  in  15-20  min, 
apparently  by  respiratory  failure.  No  effect  was  observed  on 
neuromuscular  transmission.  With  half  of  the  lethal  dose,  the 
animal  became  sleepy  and  rarely  responded  to  auditory, 
visual,  or  tactile  stimuli;  when  present,  the  response  was 
phasic  and  short-lasting,  emulating  abrupt  awakening  from 
deep  sleep.  The  results  suggest  that  FTX  crosses  the  brain- 
blo^  barrier,  directly  affecting  the  CNS.  This  is  in  contrast 
with  results  reported  for  the  dihydropyridines  (14,  15)  and 
conotoxins  (16,  17),  which  have  little  effect  on  mammalian 
CNS. 

The  Effect  of  FTX  on  Purkiqje  Cells.  Intracellular  record¬ 
ings  from  Purkinje  cells  were  obtained  from  cerebellar  slices 
(4,  8).  The  two  types  of  spike  responses  typically  recorded 
from  these  neurons  under  control  conditions  are  shown  in 
Fig.  1.  Depolarization  of  the  neuron  by  square  current  pulses 
produced  rapid  sodium-dependent  tiring,  which  culminated 
in  a  set  of  long,  low-amplitude,  repetitive  Ca^^-dependent 
spikes  (Fig.  lA).  After  bath  application  of  FTX,  the  Ca^*- 
dependent  spikes  disappeared,  and  the  duration  of  the  after¬ 
potential  hyperpolarization  was  reduced  (Fig.  IB).  This 
blocking  occurred  5-10  min  after  bath  application  of  the  toxin 
at  a  calculated  0.5  /jM  final  concentration  and  was  partly 
reversible  after  washing  for  about  30  min.  In  addition  to 
blocking  the  Ca^'^-dependent  action  potentials,  FTX  in¬ 
creased  the  likelihood  of  plateau  potentials  (Fig.  LB),  which 
are  produced  by  the  activation  of  the  persistent  Na^  con¬ 
ductance  (8, 9).  Both  of  these  plateau  potentials  and  the  initial 
fast  spikes  were  blocked  by  the  addition  of  TTX  (10”‘  g/ml) 
to  the  bath  (Fig.  1C).  Nearly  identical  results  were  obtained 
with  FTX  from  the  three  different  types  of  funnel-web  spiders 
tested. 

In  a  second  set  of  experiments,  recordings  were  made  from 
the  Purkinje  cell  soma  after  TTX  administration.  Under  these 


Fig.  1.  (/4)  Intracellular  recording  from  a  Purkinje  cell  shows  fast  Na ‘’-dependent  spikes  and  Ca-  -dependent  action  potentials  (arrows).  (B) 
Five  minutes  after  application  of  FTX.  Ca^^  spiking  disappeared,  and  a  prolonged  Na^-de;>endent  plateau  potential  is  observed  that  far  outlasts 
the  duration  of  the  stimulation  ^'ower  trace).  (C)  Addition  of  TTX  to  the  bath  blocks  the  fast  action  potentials  and  the  plateau  potentials  shown 
in  B.  (£>)  Ca-^ -dependent  slow  action  potential  is  generated  by  direct  stimulation  of  the  Purkinje  cell  in  the  presence  of  TTX.  (£)  Addition  of 
FTX  to  the  bath  produces  a  blockage  of  the  voltage-dependent  Ca-*  electroresponsiveness. 
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conditions,  Purkinje  cell  stimulation  is  known  to  elicit  a  slow 
-dependent  plateau  potential  (8,  9).  One  such  response 
is  illustrated  in  Fig.  ID.  In  this  case,  a  short,  direct  depolar¬ 
ization  of  the  soma  initiated  a  prolonged  dendritic  potential 
that  outlasted  the  pulse  by  about  20  msec.  However,  after 
application  of  FTX  (=0.5  /iM),  this  Ca^^-dependent  conduc¬ 
tance  was  blocked  (Fig.  1£). 

Single-Channel  Properties.  The  functional  activity  of  the 
isolated  protein  was  assessed  by  the  lipid-bilayer  technique. 
Electrical  activity  was  measured  in  asymmetric  solutions 
containing  80  mM  BaCl2  and  10  mM  Hepes  (pH  7.4)  on  the 
cis  side  and  120  mM  CsCI,  1  mM  MgCb,  and  10  mM  Hepes 
(pH  7.4)  on  the  trans  side  or  in  the  patch  pipette.  Recordings 
were  also  obtained  with  the  solutions  reversed.  When  vesi¬ 
cles  containing  the  purified  protein  were  added  to  the  bilayer 
chamber,  an  increase  in  the  conductance  of  the  bilayer  was 
usually  detected  within  10  min.  In  general,  it  was  difficult  to 
obtain  recordings  of  only  a  single  channel  when  vesicles  were 
added  to  the  Ba^^ -containing  solutions  because  of  the  fusion- 
promoting  effect  of  divalent  cations. 

Two  types  of  single-channel  activity  were  found.  The  first 
was  seen  when  Ba^^  was  present  on  the  extracellular  face  of 
the  channel  protein  and  was  characterized  by  short-duration 
openings.  Fig.  2  A-C  illustrates  this  activity  from  the  cere¬ 
bellar  preparation  at  holding  potentials  of  -45,  -30,  and  -15 
mV.  The  voltage  dependence  of  the  open  probability  is 
shown  in  Fig.  2F.  The  channel  was  closed  at  -60  mV  and 
began  to  exhibit  openings  as  depolarizing  potentials  were 
applied.  The  maximum  open  probability,  0.6-0.65,  occurred 
at  holding  potentials  greater  than  0  mV.  The  mean  open  time 
was  also  found  to  be  voltage-dependent  and  ranged  from  less 
than  0.6  msec  to  5  msec.  The  l-V  relationship  constructed 
from  six  experiments  is  nonlinear  as  shown  in  Fig.  2£,  where 
each  point  represents  the  mean  of  the  current  at  each  voltage 
step.  Voltage  steps  above  0  mV  generated  unitary  currents 
too  low  to  be  measured  reliably  (Figs.  2E  and  4  F  and  G).  A 
conductance  of  10-12  pS  in  Ba^*  and  6-8  pS  in  100  mM  Ca^^ 
was  obtained  from  these  data.  The  extrapolated  reversal 


potential  was  between  -90  and  - 120  mV,  which,  to  the  limit 
of  the  accuracy  of  the  measurements,  is  the  theoretical  value 
for  a  Ba^^  permeable  channel. 

A  second  type  of  channel-like  activity  was  found  when  the 
solutions  were  reversed  so  that  the  high-Ba^^  solution  was  on 
the  cytoplasmic  face  of  the  channel.  Typical  recordings  are 
shown  in  Fig.  2D,  which  were  made  at  holding  potentials  of 
-45,  -30,  and  -15  mV.  In  this  particular  experiment,  three 
channels  with  identical  conductances  had  fused  with  the 
bilayer.  An  unexpected  characteristic  was  the  predominance 
of  openings  longer  than  1  sec.  Also  present  are  rapid  openings 
with  durations  of  less  than  100  msec.  From  these  data  we 
estimated  a  unitary  channel  conductance  of  20  pS. 

The  measured  Ca^^  currents  represent  contributions  from 
both  the  individual  currents  and  the  opening  probabilities  of 
the  channels.  Thus,  it  should  be  possible  to  approximate  the 
macroscopic  current  by  multiplying  the  single-channel  cur¬ 
rents  by  the  opening  probabilities  at  each  potential  as  has 
been  done  for  the  “fast”  Ca^^  channel  (18).  The  voltage  and 
time  dependence  of  the  current  obtained  in  this  way  is 
comparable  to  the  results  from  current  clamp  experiments  in 
the  dendrites  of  Purkinje  ceils  (8).  However,  in  the  absence 
of  Ca^*-current  measurements  for  Purkinje  cell  dendrites, 
only  a  qualitative  statement  can  be  offered.  The  effect  of 
known  blockers  of  the  neuronal  Ca^^  channels  was  deter¬ 
mined  for  the  reconstituted  channels.  Single  channels  were 
blocked  by  both  Cd^^  and  Co^"^  at  concentrations  of  less  than 
100  fiM  in  a  manner  consistent  with  a  fast-block  mechanism 
(18).  The  single  channels  were  also  blocked  by  the  microliter 
addition  of  a  1:10  dilution  of  FTX. 

Cephalopod  Channels.  A  set  of  experiments  similar  to 
those  described  for  the  Purkinje  cell  were  carried  out  at  the 
squid  giant  synapse.  Two  experimental  paradigms  were 
followed.  Pre-  and  postsynaptic  intracellular  recordings  were 
obtained,  and  synaptic  transmission  was  tested  by  electrical 
activation  of  the  presynaptic  fiber.  Presynaptic  stimulation 
generated  a  presynaptic  action  potential  that  served  as  a 
trigger  for  transmitter  release  and  the  generation  of  a  postsyn- 
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Fig.  2.  Functional  properties  of  channels  isolated  from  guinea  pig  cerebellum  by  an  FTX  afTinity  gel.  (/t-C)  Single-channel  recording  with 
80  mM  external  Ba-*  obtained  for  protein  reconstituted  in  lipid  vesicles  and  fused  with  lipid  bilayer.  Holding  potentials:  -45  mV  (/4).  -30  mV 
(B).  and  -15  mV  (C).  (D)  Single-channel  recordings  obtained  with  80  mM  Ba’*^  on  the  cytoplasmic  face  of  the  channel.  Holding  potentials  of 
-45.  -30.  and  -15  mV  are  shown.  In  this  particular  experiment,  three  identical  channels  had  fused  with  the  bilayer.  The  long  duration  of  the 
open  time  seems  to  be  an  effect  of  the  high  amount  of  internal  Ba*'’ .  as  it  can  be  converted  into  the  short-duration  channel  (A-C)  when  Ba*^ 
is  removed  from  the  cytoplasmic  side.  (£)  /-V  curve  in  80  mM  Ba’*  for  the  "fast"  channel  of  A-C  constructed  from  the  single-channel  events 
obtained  from  six  different  experiments.  Each  point  represents  the  mean  current  from  200  or  more  events  at  each  voltage.  (F)  Plot  of  open 
probability  vs.  applied  voltage  showing  the  voltage  dependence  of  the  channel,  which  reaches  a  maximum  value  of  0.6-0.65  above  0  mV.  (G) 
Values  from  E-F  multiplied  to  give  an  approximation  of  the  macroscopic  current. 
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Fig.  3.  Action  of  FTX  on  synaptic  transmission  at  the  squid  giant  synapse.  (A-C)  Effect  of  FTX  on  synaptic  transmission  evoked  by  presynaptic 
action  potentials.  Pre-  (first  arrow)  and  postsynaptic  (second  arrow)  action  potentials  were  evoked  after  direct  stimulation  of  the  preterminal  fiber 
(A).  Five  minutes  after  the  application  of  FTX,  a  total  block  of  synaptic  transmission  was  observed  without  affecting  significantly  the  presynaptic 
action  potential  (ft).  Superimposition  of  the  records  in  A  and  ft  (C)  shows  the  small  reduction  in  the  amplitude  of  the  afterpotential  hyperpolarization 
after  application  of  FTX.  (D-^)  Presynaptic  voltage-clamp  records  and  postsynaptic  recording.  Traces:  upper,  voltage  step;  middle,  postsynaptic 
response;  lower,  inward  calcium  current.  Results  are  shown  before  (D)  and  10  min  after  (£)  the  application  of  FTX.  Note  the  block  of  the  calcium 
current  and  the  postsynaptic  response.  Superimposition  of  records  in  D  and  E  is  shown  in  F. 

aptic  response  (Fig.  3A).  After  administration  of  FTX  in  on  postsynaptic  channels,  since  no  reduction  of  the  postsyn- 

submicromolar  concentrations,  synaptic  transmission  was  aptic  response  to  pressure-injected  glutamic  acid  was  ob- 

blocked  within  5-8  min,  and  the  presyn^tic  afterpotential  served  after  the  synaptic  transmission  was  blocked  by  the 

hyperpolarization  was  slightly  reduced  (Fig.  3ft).  In  a  second  toxin  (not  shown). 

set  of  experiments,  the  presynaptic  terminal  was  voltage-  IsolatioD  of  Channels  firom  tne  Squid  Optk  Lobe, 

clamped,  and  the  relation  between  the  presynaptic  Ca^^  Channel  protein  derived  from  the  optic  lobe  was  extracted 

current  and  transmitter  release  was  studied  as  shown  in  Fig.  and  studied  in  the  black  lipid  membranes.  In  Fig.  4  examples 

30.  Addition  of  FTX  at  similar  concentrations  to  that  used  in  of  the  single-channel  currents  are  illustrated.  In  the  same 

the  experiment  illustrated  in  Fig.  3£  blocked  the  Ca^*^  current  asymmetric  solutions  used  for  the  cerebellum,  two  types  of 

within  a  few  minutes.  This  was  accompanied  by  a  block  of  channel-like  activity  were  found.  The  first,  shown  at  three 

transmitter  release,  as  Judged  by  the  absence  of  a  postsyn-  holding  potentials  in  Fig.  4  A-C  was  characterized  by 

aptic  response.  The  toxin  fraction  did  not  have  a  direct  effect  voltage-dependent  openings  with  a  mean  duration  of  1-3 
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Fig.  4.  Single-channel  properties  of  protein  from  squid  optic  lobe.  (A-C)  Single-channel  recordings  at  potentials  of  -10,  -30,  and  -SO  mV 
were  obtained  with  80  mM  Ba^^  on  the  external  face  of  the  protein.  (D)  Opening  probability  of  the  channel  reaches  a  maximum  of  0.32-0.35 
at  0  mV  and  above,  exhibiting  a  clear  voltage  dependence  (n  =  6).  (F)  Mean  open  time  vs.  potential  shows  the  voltage  dependence  of  the  length 
of  time  the  channel  remains  open  as  the  holding  potential  is  varied  (n  =  6).  (F  and  C)  l-V  curves  obtained  in  80  mM  Ba^'^  (F)  and  100  mM  Ca^'^ 
(C).  The  conductance  of  the  channel  is  20  pS  in  Ba^'^  and  8  pS  in  Ca^^  (200-t-  events  at  each  potential),  (ft)  □,  Current  obtained  by  multiplying 
values  in  D  and  G  to  approximate  macroscopic  behavior;  n,  actual  values  for  Icm  in  squid  as  previously  published  (9). 


msec  (Fig.  4£).  The  unitary  conductance  of  the  channel  was 
18-20  pS  in  80  mM  Ba^ (Fig.  4F)  and  5-8  pS  in  1(X)  mM  Ca’* 
(Fig.  4<j).  The  opening  probability,  which  was  also  voltage- 
dependent.  reached  a  maximum  of  0.35  at  a  membrane 
potential  of  0  mV.  When  the  cytoplasmic  face  of  the  protein 
was  exposed  to  high-concentration  Ba^^  solutions,  long  open 
times  of  the  channel  were  induced,  and  replacement  of  the 
Ba’*^  ions  on  the  cytoplasmic  side  with  Cs*  resulted  in 
conversion  of  the  long  openings  to  short  openings.  High 
concentrations  of  internal  Ca**  (100  mM)  did  not  induce  the 
long  open  times.  As  both  the  probability  of  opening  and  the 
single-channel  current  are  dependent  on  voltage,  multiplica¬ 
tion  of  these  two  parameters  would  give  the  current-voltage 
relationship  for  the  macroscopic  current.  Such  a  plot  for  the 
fast  channel,  as  shown  in  Fig.  AH,  is  quite  similar  to  the 
macroscopic  /ca  recorded  from  the  squid  preterminal  (19, 20). 

Results  similar  to  those  determined  for  the  cerebellar 
channel  were  found  in  the  channels  from  squid  optic  lobe. 
Both  long-duration  and  short-duration  opening  time  were 
recorded.  The  squid  fast  channel  differed  from  the  cerebellar 
channel  in  two  respects.  First,  the  conductance  of  the  squid 
channel  was  higher.  The  l-V  curve  constructed  from  a  series 
of  experiments  on  the  short-duration  channel  is  shown  in  Fig. 
4  F  and  C.  The  unitary  conductance  was  estimated  to  be  20 
pS.  A  second  difference  between  the  two  channels  is  that  the 
cerebellar  channel  has  a  2-fold  higher  maximum  probability 
of  opening.  However,  the  voltage-dependence  of  the  chan¬ 
nels  and  their  pharmacological  characteristics  are  quite 
similar. 

DISCUSSION 

The  present  paper  indicates  that  FTX,  a  fraction  of  funnel- 
web  spider  poison  having  a  molecular  mass  of  200-400  Da. 
blocks  Ca^  ^  channels  both  in  mammalian  Purkinje  cells  and 
at  the  presynaptic  terminal  of  the  squid  giant  synapse. 
Because  this  channel  has  unique  pharmacological  properties 
and  kinetics  that  are  somewhat  different  from  those  described 
for  the  L,  N.  and  T  channels  (2.  3),  we  propose  that  it  should 
be  referred  to  as  the  “P”  channel,  since  it  was  first  described 
in  Purkinje  cells.  Whether  the  P  channel  observed  in  Purkinje 
cells  and  in  the  squid  giant  synapse  are  indeed  the  same  is 
difficult  to  say  at  this  time.  From  an  electrophysiological 
point  of  view,  the  macroscopic  Ca^^  currents  obtained  from 
presynaptic  voltage  clamp  studies  (18, 19)  and  those  obtained 
from  black  lipid  membrane  recordings  of  channels  isolated 
from  cerebellum  show  a  similar /-V  relation.  Because  reliable 
voltage-clamping  of  Purkinje  cells  so  far  has  not  been 
technically  feasible,  we  cannot  compare  the  computed  l-V 
relation  obtained  from  single  Ca^^-channel  recordings  with 
macroscopic  fca-  However,  the  similarity  between  the  kinet¬ 
ics  of  those  observed  in  squid  and  Purkinje  cells  suggests  that 
these  two  channels  are  similar. 

A  comparison  of  the  P  channel  with  previously  described 
Ca^^  channels  (2.  3)  indicates  clear  differences.  Indeed,  the 
electrophysiological  properties  of  both  the  squid  giant  syn¬ 
apse  presynaptic  spike  as  well  as  the  action  potential  re¬ 
corded  from  Purkinje  cell  dendrites  are  quite  different  from 
the  low-threshold  c^cium  spike  observed  in  central  neurons 
(20),  which  corresponds  to  the  activation  of  the  T  channels  (2. 
3).  Neither  can  the  P  channel  be  considered  to  be  similar  to 
the  L  channel,  since  the  voltage-dependence  of  this  channel 
is  far  more  negative  ( -60  mV)  (19.  20)  than  that  reported  for 
the  L  channel  (2.  3).  In  addition,  at  least  in  the  squid 
presynaptic  terminal,  a  degree  of  inactivation  may  be  ob¬ 
served.  If  anything,  our  channel  may  resemble  the  N  channel. 
However,  the  P  channel  is  not  blocked  by  <i>-conotoxin.  In 
short,  we  must  conclude  on  pharmacological  and  electro¬ 


physiological  criteria  that  there  exists  yet  another  Ca** 
channel.  This  P  channel  is,  in  our  estimation,  one  of  a  large 
variety  of  Ca^*  channels  that  will  probably  be  encountered  in 
the  years  to  come. 

In  addition  to  the  differences  in  pharmacology,  single¬ 
channel  conductances,  and  voltage-dependence  kinetics,  it  is 
possible  that  the  different  channels  have  fundamentally 
different  properties  from  a  biochemical  point  of  view  as  well. 
One  of  the  interesting  aspects  of  the  present  results  relates  to 
the  action  of  calmodulin  kinase  II  (CAMkinase  II)  on  Ca^* 
channels.  This  enzyme  is  known  to  phosphorylate  the  L-type 
Ca**  channels,  increasing  their  average  open  times,  resulting 
in  an  increased  Ca^*^  current  when  these  channels  are 
phosphoryiated  (21).  In  the  squid  giant  synapse,  presynaptic 
injection  of  CAMkinase  II  has  been  shown  to  increase 
transmitter  release  as  much  as  7-fold  without  an  observable 
effect  on  the  Ca^^  current  (22),  indicating  that  CAMkinase  II 
may  modulate  transmitter  release  by  phosphorylation  of 
synapsin  I  at  site  2  (23,  24),  which  would  increase  vesicular 
availability  at  the  presynaptic  release  site  (22).  Thus,  specific 
biochemical  modulation  of  the  different  Ca^*  channels  may 
be  a  fundamental  variable  in  their  role  in  nervous  system 
function. 
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